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Rice is the stqjle food for more than half of the world's population. Its rich genetic 
diversity in the form of thousands of land races and progenitors species, besides its economic 
significance, has aroused imending interest among scientists for several decades. Rice grain 
quality is based on a combination of subjective and objective factors and it is very difficult to 
define as it varies fi"om region to region. The primary components of rice grain quality include 
appearance, eating, cooking, millmg and nutritional qualities. The texture of cooked rice is 
largely dependent upon the amount of amylose in the grain. These factors influence how the rice 
grain cooked. Short, medium, and long grain cultivars are evaluated for amylose content and the 
temperature at which the starch gelatinizes to meet the criteria that are set for each grain type by 
the industry. Each of these components consists of attributes that are determined by the physico-
chemical properties of the rice grain and the standards depend on the socio-cultural factors such 
as the history and traditions of the localities where rice is grown. 
Yield enhancement is always a prime motto of rice breeding program. Rice grain yield is 
determined by several components like number of panicle per plant, grain number per panicle 
grain weight, panicle length, plant height and many more. Consequently the genetic study of 
these yield related traits has great importance to speed up yield improvement program. Most of 
yield related traits are inherited quantitatively and are known to be affected by environmental 
factors. Segregation analysis and manipulation based on the phenotype would be difficult for 
such quantitative traits. Identification of QTLs hopefiiUy makes it easy and helps to track 
segregation as simpler as mendalian inheritance. The QTL analysis provides better xmderstanding 
of QTL-envirorunent, QTL-QTL interaction which would be beneficial for successful 
exploitation of QTLs. In addition, identification of QTLs is a valuable starting point for 
positional cloning of genes underlying quantitative phenotypes and for interpreting the molecular 
and biochemical mechanisms involve. During the past decade, many attempts have been made to 
characterize the QTLs for grain yield. However, the genes involved in these QTLs have not been 
identified and their chromosomal positions remain vague. The present study was focused on fine 
mapping of QTLs for yield contributing traits in rice using a NIL-F2 population developed by the 
cross between RIL151 and RIL131 and the objective-wise sunmiary of work done is given below: 
Phenotyping, validation of gene based markers and allelic diversity for starch related 
properties in rice 
Grain quality is an important consideration in rice breeding program. Preferences for rice 
grain performance and cooking quality vary among rice consumers living in different parts of the 
world or even among people living in different regions of the same country. The primary 
components of rice grain quality include appearance, eating, cooking, and milling quality, and 
nutritional qualities, which are determined by their physico-chemical properties and socio-
cultural factors. Among grain quality characters, amylose content is one of the most important of 
all the cooking quality characteristics because it greatly affects the cooking and processing 
behavior of milled rice. Rice grain samples contain 80% starch, 12% water, 7.5% protein, and 
0.5% ash (Chandler 1979). The starch content is affected to a large extent by climate, rice variety 
and the level of nitrogen applied. Rice that has just been harvested from the field contains 72% to 
75% starch, 1.6% to 2.1% dextrin, 1.5% to 2.6% glucose and 0.3% to 0.5% sucrose (Grist 1986). 
Starch is composed of linear amylose and branched chains of amylopectin, which are polymers 
of a D-glucose. Amylose content is the single most important characteristic for predicting the 
cooking and processing quality of rice (Juliano, 1985). Rice varieties vary in amount of amylose 
content, ranging from waxy types with essentially no amylose, to temperate japonica short - and 
medium-grain types with 16-18% amylose, to fropical japonica long grains with 21-24% 
amylose, and to many indica types with up to 28% amylose (Rutger and Mackill, 2000). 
Intermediate amylose content rice shows high volimie expansion (not necessarily elongation) and 
high degree of flakiness. High amylose grains cook dry, are less tender, and become hard upon 
cooling. In confrast, low-amylose rice cooks moist and sticky. Intermediate amylose rice is 
preferred in most rice-growing areas of the world. On contrary high yielding cultivars and 
hybrids are frequently associated with poor cooking and eating qualities and thus are not 
preferred by producers or consumers. It is, therefore, understandable that emphasis on breeding 
for quality improvement has assumed great significance with the introduction of high yielding 
rice varieties and more so due to strong and varied consumer preferences (Khush et al., 1979). 
During starch biosynthesis in the grain filling step, several genes and gene isoforms 
interact and affect starch quantity and composition (Bhave et al, 1990, James et al, 2003, Preiss 
1997, Sano 1984, Schultz and Juvik 2004, Wang et al, 1995). As for the sequence difference of 
genes associated with starch physicochemical properties, the Granule boimd starch synthase I 
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{GBSS I) gene harbors two alleles, Wx" and Wx'', in non-waxy rice cultivars. Wx" has allele 
(AGCTT) or Wx^ allele (AG7T) in the first intron affecting splicing (Cai et ai, 1998, Hirano and 
Sano 1998, Issiki et al, 1998). The Wx" allele contributes to a higher level of waxy protein than 
the Wx'' allele, and thus results in high amylose content in the grain. The WJ^ allele is 
predominant in the indica subspecies, while the Wx'' allele is predominant in the japonica 
subspecies. The SNPs in the two different exon regions have amino acid substitutions (Larkin 
and Park 2003) and the 23 bp insertion in the exon region (Wanchana et al, 2003). The starch 
synthase Ila {SSIIa) gene has seven SNPs and contiguous SNPs (GC/TT) associating with 
gelatinization temperature and pasting temperature, respectively (Bao et al, 2006b). The starch 
branching enzyme 1 (SBEl) and starch branching enzyme 3 {SBES) have the insertion/deletion 
associations with the starch characteristics (Larkin et al, 2003, Bao et al, 2006a). 
However, the information regarding allelic variation at Wx locus in Indian rice 
germplasm is lacking. Therefore, in the present study an attempt was made to look at the allelic 
diversity at the Wx locus in Indian rice germplasm. In order to study the allelic variation at Wx 
locus, validation of six different gene based CAPS and dCAPS markers in a set of 96 diverse 
Indian rice germplasm lines showing variation for amylose content and alkali spreading value 
was undertaken. On the basis of alkali spreading values (ASV) and amylose content, genotypes 
were grouped into low, intermediate and high categories. Six different starch related gene based 
markers including Granule bound starch synthase-I (GBSS-I), ADP-glucose pyrophosphorylase 
larger unit (ADPase-L), ADP-glucose pyrophosphorylase small unit (ADPase-S), Putative 
isoamyloase-type starch debranching enzyme (SDE), Putative 1,4-alpha-glucanbranching 
enzyme (BE), Putative GIGANTEA (GI) were used for validation in the set of 96 genotypes. The 
amplified products were digested using the respective restriction enzymes. GBSS-I-1804 
amplified 291 bp fragments in all the 96 lines. After digestion with Nhel 291 bp fragment got 
digested into 264+27 bp fragments. All the varieties in which digestion occurred had amylose 
content in the range of 19-22% and all those varieties in which digestion did not take place 
amylose content was 12-20%. One of the SNP of Granule-bound starch synthase I {GBSS I-
2309) showed clear differentiation of the japonica varieties from the rest of the group. GBSS-I-
2309 amplified 295 bp fragments in all the germplasm lines. After digestion with Nhel 295 bp 
fragment got digested into 244+51 bp fragments. All the varieties that showed digestion 
suggested T allele at this locus while the japonicas did not get digested suggested C allele at the 
locus, clearly differentiating the japonicas from the rest of the group. Another locus, ADP-
glucose pyrophosphorylase (AGPase-S) that participates in ADP-glucose biosynthesis, and is the 
substrate of amylose and amylopectin had been evaluated as the rate limiting step in starch 
biosynthetic pathway. SNP of ADP-glucose pyrophosphorylase {AGPase-S-2843) clearly 
inferred that at this particular locus there was no digestion among all the japonica varieties, 
suggesting a conserved genomic region, while all other cultivars showed digestion. Out of all the 
22 CAPS and dCAPS two markers, GBSS1-2309 and AGPase-S-2843 were found to be highly 
associated and clearly differentiated ihe japonicas from the germplasm lines having intermediate 
or high amylose contents, based on their genotypic profile. 
For the association test between the nucleotide polymorphism and apparent amylose 
content DARwin 5 software was used, UPGMA algorithm grouped 96 varieties into 3 distinct 
groups varying in apparent amylose content. Group I contained the maximum number of the 
accessions with the average amylose content ranging from 14-20%. Group II was the second 
largest group with 15 accessions showing amylose content ranging from 21-26% and Group III 
had the accessions with the lowest amylose contents ranging from 10-13% with few outliers. In 
cluster analysis the varieties bred at one centre fell in single group suggesting a common 
pedigree. The statistical values for marker application results using 96 accessions gave a mean 
major allele frequency (MAF) of 0.66 (0.52-0.92) and polymorphism information content (PIC) 
of 0.35 (0.20-0.40). The association analysis showed that the SNP of Granule-bound starch 
synthase I {GBSS I) and ADP-glucose pyrophosphorylase small subunit (ADPase-S) genes were 
highly associated with apparent amylose content variation than the others. The r^  value of the 
two most associated markers ranged from 17 to 54.1% and from 21.3 to 64.5%, respectively 
(P<0.0001). The highest value of i^  was at GBSS I- 2309-T/C (i^=0.54). The high association at 
AGPase-S-2843-C/T (r^=0.65), whose gene is concerned to ADP-glucose biosynthesis (Preiss 
1997) was observed. 
In addition to this, amplification was checked among 96 germplasm lines using a Wx 
microsatellite marker, Oligo 484 and 485. The Wx microsatellite was polymorphic enough to 
distinguish most rice cultivars in different amylose classes. The gels were scored and different 
alleles were detected. The amplified products ranged from 103 to 127 bp in length differentiated 
the lines broadly into two categories varying in their amylose contents. In the first group 
genotypes having intermediate amylose content (21-26%) similar to Pusa Basmati 1121 
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amplified a fragment of -107 bp while those belonging to low amylose (10-14%) group, similar 
to Taipae-309, a fragment of ~ 120 bp was amplified, suggesting the difference in the CT repeats 
in the 5'-untranslated region of the Wx gene 
In conclusion, this study validated new SNP marker systems for six putative genes 
involved in starch biosynthesis in rice. These new SNP markers can be used for the fast and cost-
effective genetic characterization of diverse rice germplasm and can also be utilized for marker-
assisted selections, linkage, and association studies in rice. 
Development, phenotypic and molecular characterization of Fj derived population for fine 
mapping of a major QTL {qSPP4-l) for yield components in NPT derived population in 
rice 
As the world's population continues to grow rapidly and becomes more demanding, the 
pressure on resources is increasing, whilst climate change poses further challenges. The balance 
between the supply and demand of the major food crops is fragile, fueling concerns for long-term 
global food security. The need to accelerate plant breeding for increased yield potential and 
better adaptation to drought and other abiotic stresses is an issue of increasing urgency. In order 
to meet the growing demand of the ever increasing population, rice productivity must increase 
for which rice varieties with higher yield potential are needed. Rice yield is the final product of 
the manifestation of several interrelated components, like number of tillers per plant spikelets per 
panicle and grain weight and is tlierefore a very complex quantitative trait. With the whole 
genome sequencing, rice has become the 'model monocot plant' for molecular genomics 
research. It benefits from having the smallest genome of the major cereals, dense genetic maps 
and relative ease of genetic transformation (Sasaki et ai, 2000). Saturated genetic linkage map of 
rice using different types of markers namely, RFLP and SSR, has been developed, which has 
been further enriched with SNP markers, with the availability of whole genome sequence. 
Utilizing these markers, a large number of genes of agronomic importance have been m^ped 
and many genes/QTLs have been eventually cloned. Recent progress in the generation of high-
density molecular genetic map in rice has made it possible to map individual genes associated 
with the complex traits like yield. Though himdreds of QTLs have been identified during the last 
decade for yield per se, only a few QTLs for grain number/panicle, test grain weight, panicle 
number per plant, grain size and grain filling duration (Bai et al, 2012) could be cloned and 
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functionally characterized, mostly in japonica background. These includes important yield 
component traits such as grain number {Gnla, Ghd7, DEPl and WFP), grain weight {GS3 and 
GW2), grain size {GS3 and GW5) grain filling {GIFl) and panicle number {DEPl and WFP). 
Among all the yield and yield related traits, grain number per-panicle is one of the most 
important components for rice yield. Spikelets on the primary and secondary branches determine 
the grain number per-panicle in rice. A total number of 315 QTLs for grain number have been 
earlier reported on almost all the 12 rice chromosomes, but most of them have low LOD values 
and were not evaluated across the environments. Among all the QTLs reported, QTL on 
chromosome 1 (Gnl) have been fine mapped and the gene have been cloned (Ashikari et ai, 
2005). 
The are two major areas where progress has been achieved for rice improvement i.e. the 
use of molecular markers for identifying and incorporating favorable genes within the rice 
species, and the use of transgenic technologies for incorporation of traits for herbicide tolerance, 
biotic stress resistance, abiotic stress resistance, and nutritional value into rice (Coffman et ai, 
2004, Leung and An 2004). These scientific advances have resulted in increased understanding 
and characterization of various genes at the molecular level that are associated with traits 
important to plant breeders. These traits are considered primary targets for molecular marker-
aided selection (MAS) as breeding for them using conventional techniques often proved to be 
difficult. 
In the context of Indian rice germplasm, limited studies have been made with respect to 
quantitative traits such as yield and it's components. However, most of the studies on QTL 
mapping for grain yield and its component traits are based on mapping population developed 
from intervarital crosses within sub species indica or japonica. Very few attempt, have been 
made to develop mapping population fi-om interspecific crosses or utilizing new plant types 
(NPTs) of ricer derived fi-om indica x japonica crosses. In the earlier study done in our lab, a 
RIL population using single seed descent method was developed by crossing a new plant type 
rice line, Pusa 1266 with highly-adapted indica rice varieties, Jaya for mapping of different yield 
and yield related traits. A marker interval RM3276-RM5709 on long arm of chromosome 4 
influencing as many as four traits i.e., Spikelets per panicle, filled grains per panicle, panicles per 
plant and spikelet setting density were identified with a LOD scores of 13.84, 15.27, 16.26 and 
7.11 respectively (Marathi et al, 2012). 
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Four QTLs governing four important yield related traits (spikelets per panicle, filled 
grains per panicle, number of panicles per plant and spikelet setting density) were fine mapped 
using a F2 population of 2994 plants, developed by crossing two RILs {RIL151 and RIL131) 
contrasting for the traits. Phenotyping showed transgressive segregation for all the four traits 
suggesting high proportion of additive gene action.). High significant positive correlation was 
exhibited between SPP and FGP (0.93), SSD (0.96). The significant genetic correlation between 
the traits in segregating population is indicative of the genetic linkage or pleiotropy of the 
underlying gene(s). PPP and SSD showed comparatively weak correlation (0.06) depicting yield 
component compensation mechanism that exists in a typical plant system. Existence of 
significant correlation between majorities of character pair observed in F2 population indicated 
presence of sufficient genetic variation for al\ these traits and their suitability as mapping 
population. Linear regression of F3 on F2 for 324 recombinants revealed high significant b value 
of 0.55, 0.54, 0.59 and 0.65 with respect to the traits SPP, FGP, PPP and SSD respectively. 
Linear regression is a measure of heritability of the trait and high regression coefficient (b) 
explains that the grain and panicle traits under study in the population are under genetic control 
and are stably inherited. 
Fine mapping of the interval was done using the two flanking markers and the internal 
markers on 324 recombinants, identified using the flanking markers. Total 5 markers were added 
in the QTL interval of the revised map with total seventeen markers for the whole chromosome 
4. Additional QTL information showed new QTLs between markers nkssr4_19 and RM17486, 
with significant phenotypic variation and LOD values. Candidate gene search showed a number 
of genes in the region. The 0.03 Mbp qSPP4-l region of rice chromosome 4 between markers 
nksssr04-ll and RM17470 showed 6 predicted gene loci and have the evidence for expression 
using the FGENESH 2.6 software (www.softberry.com) (TIGR. version 6.!, 
http://rice.plantbiology.msu.edu/). The gene, LOC_Os04g51792, has been associated with the 
cytokinin response in roots and leaves and iron and phosphorus interactions in rice seedlings. 
According to the earlier reports QTL {Gnl) on rice chromosome 1 has been clone^and has been 
associated with the cytokinin oxidase activity and is a negative regulator of cytokinin in the 
inflorescence primordia leading to the low grain number in the panicle (Ashikari et al., 2005). 
Another locus, LOC_Os04g51800, has been known as MYB protein, transcription factor play a 
key role in plant development, such as secondary metabolism, hormone signal transduction, 
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disease resistance, cell shape, control of cell morphogenesis, floral and seed development. (Du et 
a/., 2009). Over all, these genes could be associated with the traits after the transcriptome 
profiling studies. 
Conclusion: 
1. A set of 96 diverse germplasm lines were well characterized for amylose content and 
alkali spreading value. 
2. Validation study with the new SNP marker systems for six putative genes involved in 
starch biosynthesis using a diverse set 96 Indian rice genotypes showed significant 
associations of these markers with the respective traits in germplasm. Validated markers 
could be utilized for in fast and cost-effective genetic characterization of diverse rice 
germplasm and can also be utilized for marker-assisted selections, linkage, and 
association studies. 
3. Association of the phenotype and genotype grouped all the lines into three major groiq)s 
varying in their amylose content. 
4. A set of 2994 F2 population developed by crossing R1L151 with RIL131 was used as a 
fine mapping of major QTLs {qSPP4-l, qFGP4.2 , qPPP4-2 and qSSD4-2) for yield and 
yield related traits (spikelets per panicle, filled grains per panicle, spikelet setting density 
and number of panicles per plant). 
5. The 1.38 Mb gap was narrowed down to 0.03 Mb, depicting six genes that have the 
evidence of expression. 
6. Two gene loci, LOC_Os04g51792 and LOC_Os04g51800 could be associated with the 
yield related traits after the transcriptome profiling studies. 
Overall, the study has helped in validation of marker-trait association with amylose 
content in a set of diverse rice germplasm. Validated markers and identified parents can be used 
in marker assisted selection. Further, a QTL region harboring four QTLs for different traits was 
fine mapped and leading to identification of 6 candidate gens. Of these two genes have been 
identified as putative candidate genes and can be associated with yield and related traits. 
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CHAPTER 1 INTRODUCTION 
Rice is a pivotal cereal crop of the developing world and the staple food of more than half 
of the world's population. It is the unique grain that is nearly entirely used as human food, unlike 
other cereals, which are also used extensively as feed. Worldwide, more than 3.5 billion people 
depend on rice for more than 20% of their daily calorie intake (IRRI, AfricaRice and CIAT 
2010). Globally, rice is grown on a total harvested area of approximately 158 million hectares, 
producing more than 700 million tons of paddy yielding 470 million tons of milled rice annually 
(IRRI, AfiicaRice and CIAT 2010). About 90% of the rice in the world is grown and consumed 
in Asia (nearly 640 million tons), with China as the lead producer. Among the rice growing 
countries, India is the largest grower and the second largest producer of rice in the world. Rice in 
India occupies 44 m ha area with an annual production of 104.32 million metric tons of milled 
rice during 2011-12 crop year (FAO, 2012)). The demand for rice in India is likely to 120 
million mt by 2020 and it will increase to 140 million metric tons by 2025. This predicted 
increase in water scarcity, decrease in arable land, constant battle against new emerging 
pathogens and pests, and possible adverse effects from climate change such as rise in 
atmospheric temperature, increased soil salinity and submergence, present great challenges for 
rice breeders and agricultural scientists (Mew et al, 2004, Peng et al, 2004). Given the fact that 
there is not much scope for horizontal increase in area under rice cultivation, vertical increase in 
production i.e. productivity has to be undertaken as a priority area of research in genetic 
improvement of rice for increasing food production. 
Rice initially being domesticated in Asia is now cultivated in more than 113 countries. 
Based on the archaeological-historical references in India, the age of rice samples excavated 
from Hastinapur, north Delhi between 1100 and 700 B.C. in a radiocarbon dating study. Based 
on the studies made on the Harappan sites, where the impression of rice grains were found, it 
was assumed that rice was imported to western India from the east in the 17* century B.C. and 
into central India perhaps a century later., accordingly, it can be reasonably be said that rice has 
been known in India from about 2000 B.C. or much before to Harappan civilization.. Later it was 
generally accepted that the cultivated rice Oryza sativa Linnaeus originated in South-west Asia 
and Oryza glaberrima Steud originated in Niger river delta of Africa. The two main sub species 
of the cultivated rice, O. sativa aiQjaponica and indica, and both are evolved geographically and 
culturally over several thousand years at diverse ecosystems. Over the millennia, different types 
of rice evolved under cultivation in different conditions. Today, there are four general 
ecosystems under which rice is grown: irrigated, rain-fed lowland, upland, and flood-prone 
(http://www.fao.org/rice2004/en/concept.htmV There are thousands of cultivars of japonica and 
indica rice grown worldwide. 
Rice is a mainstay for the rural population and is mainly cultivated by small farmers in 
holdings of less than 1 hectare of land. It is also a wage commodity for workers in the cash crop 
or non-agricultural sectors and is vital for the nutrition of much of the population in Asia, Latin 
America, Caribbean and in Africa. It's rich genetic diversity in the form of thousands of land 
races and progenitor species, besides its economic significance, has aroused unending interest 
among scientists for several decades. 
Rice higher yield and better taste are two major subjects for many breeding programs but, 
in contrast to disease and insect resistance, grain yield and quality are both controlled by 
quantitative trait loci (QTLs) showing continuous phenotypic variation in rice progeny (Yano 
and Sasaki, 1997). It is thus difficult for breeders to improve rice grain yield and quality using 
conventional methods, due to a lack of discrete phenotypic segregation in the progeny. As rice 
grain quality is an endosperm trait, its inheritance can be more complicated because the genetic 
expression of an endosperm trait in cereal seeds is conditioned not only by the triploid 
endosperm genotype, but also by the diploid maternal genotype and any additional possible 
cytoplasmic differences (Zhu and Weir, 1994). To accomplish this, crop improvement programs 
should aim at broadening the genetic base of the breeding stock (Vanaja and Babu, 2004). 
Modem molecular marker based approaches provide an opportunity of looking into the phenotypic 
variation in specialized segregating populations, in association with segregation of DNA 
markers distributed over the entire genome. 
Grain quality is an important consideration in rice production. There is tremendous 
variation for grain quality characters in different subspecies and varieties of rice, providing the 
basis for the differentiation of rice that are preferred for medicinal or for ceremonial purposes, or 
for use in specialty products such as flour, noodles, sake, sweets, or fast foods (Li, 2003). 
Preferences for rice grain performance and cooking quality vary among rice consumers living in 
different parts of the world or even among people living in different regions of the same country. 
The primary components of rice grain quality include appearance, eating, cooking, 
milling and nutritional qualities. The texture of cooked rice is largely dependent upon the amount 
of amylose in the grain. These factors influence how the rice grain cooked. Short, medium, and 
long grain cultivars are evaluated for amylose content and the temperature at which the starch 
gelatinizes to meet the criteria that are set for each grain type by the industry. Each of these 
components consists of attributes that are determined by the physico-chemical properties of the 
rice grain and the standards depend on the socio-cultural factors such as the history and traditions 
of the localities where rice is grown. The second major criterion is taste. Good eating quality 
relates to stickiness, sweet flavor, gloss of the cooked rice and palatability (Mutters, 2000). Rice 
starch is the major component of grains and a common ingredients used in the food industry. 
Starches are mainly used in foods as an agent for thickening and gelling. Starch properties 
depend on the physical and chemical characteristics such as mean granule size, granule size 
distribution, amylose/amylopectin ratio and mineral content. Rice starch granule being very 
small in size provides a texture perception similar to that of fat and is non-allergic due to the 
hypoallergenicity of the associated proteins. Rice starch, in it's gelatinized form, has a bland 
taste and is smooth, creamy and spreadable. 
Rice yield is the other major agronomic trait in crop breeding programs and is the final 
product of the manifestation of several interrelated components, such as number of tillers per 
plant, grain number per panicle and grain weight and is therefore a very complex quantitative 
trait. The dissection of such a complex trait by means of QTL moping approach will help to 
better imderstanding of molecular mechanism involve in such complex trait. Molecular 
understanding of complex traits and the fine map of loci responsible for it assist breeders to 
enhance the yield potential of rice. Demand for QTL analysis of complex traits is increasing 
because of its potential to facilitate the effective manipulation of traits of importance in rice 
breeding. The first step in this approach is to map chromosomal locations responsible for the 
quantitative traits by following the segregation of trait with molecular marker. A segregating 
population with contrasting background is necessary for the segregation analysis. The 
genotyping data of segregating population developed by molecular markers helps to locate the 
markers in linkage groups and construct a molecular linkage map. Yield improvement is always 
an important priority for plant breeder and most of the yield components govern by quantitative 
trait loci (QTL). Thousands of QTLs have been identified for yield components however few of 
these were cloned. The identification of candidate gene(s) involve in the development of 
quantitative trait has been difficult because of their minor effect and interaction with the 
environment. However, rapidly developing marker technology, statistical methodology and 
availability of rice genome sequence leads to predict candidate genes in the QTL region. Such 
regions are generally large, containing hundreds if not thousands of putative genes. Fine 
mapping of the QTL can reduce the number of candidate genes to below hundred. But, even after 
fine mapping, it is difficult to pinpoint the causal gene for the development of desirable 
phenotype. Once the candidate QTLs/genes are identified, fine mapping can be carried out to 
find a tightly linked marker to the trait, eventually allowing the cloning and characterization of 
the specific genes for the production of transgenics or significantly assist in a conventional 
breeding program through marker aided selection. During the past decade, many attempts have 
been made to characterize the QTLs for grain yield. Identification of candidate genes at QTL 
interval for yield components will greatly help in genetic manipulation of yield which will 
ultimately lead to the development of high yielding rice varieties. Along with the identification 
of candidate gene for map based cloning, development of fine map of QTL region has 
importance to generate more reliable tightly linked molecular marker for marker assisted 
breeding. 
The present study aimed to see the allelic diversity of the genes involved in starch 
biosynthetic pathway in a set of diverse germplasm lines and fine map the QTLs for yield and 
yield contributing traits using a F2 mapping population developed fi-om NPT derived population. 
In the view of above, the present investigation therefore, is undertaken with the following 
objectives. 
I: Phenotyping, validation of gene based markers and allelic diversity for starch related 
properties in rice (amylose content and alkali spreading value). 
II: Development, phenotypic and molecular characterization of F2 derived population for 
fine m£q)ping of a major QTL {qSPP4-l) for yield components in NPT derived population in 
rice. 
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CHAPTER 2 REVIEW OF LITERATURE 
2.1: Importance of rice for food and nutritional security 
In year 2007, 850 million people were short of food and World Bank estimated that this 
figure could rise by 100 million indicating the severity and scale of global food crisis. In order to 
meet growing demands, global food production needs to double by 2050. Production increase 
must occur mainly in developing countries where majority of poor and himgry people live and 
more than 95% of projected population increase is expected to occur (Diouf, 2008). Rice is one 
of the most important cereal crops and is staple food for more than half of the world population. 
The inherent quality of rice grain assumes special significance because, most of the rice is 
cooked and consumed as a whole kernel, the percentage of rice converted into flour or flakes 
being very small (Huang et al, 1998). The grain quality attributes of rice that determine its 
acceptability by the end user can be grouped into following categories, (i) grain appearance (ii) 
cooking and eating qualities (iii) nutritional qualities and (iv) processing quality. Each of these 
quality traits is determined by the physico-chemical properties of the rice grain which in turn are 
genetically controlled with some modulation of expression by the growth environment. Rice is a 
crop rich in genetic diversity, the rice species Oryza sativa L. has thousands of varieties 
belonging to sub-groups of indica, japonica and javanica. The rice varieties with higher 
nutritional value can contribute to reducing the global burden of malnutrition. 
Rice is a vital crop for the entire world population and constitutes the st^le food for the 
inhabitants of the Asian countries. It is estimated that rice production must be increased by 60% 
of the present value, to meet its global demand by 2020. Being the staple food for 17 countries in 
Asia and the Pacific, eight countries in Africa, seven countries in Latin America and the 
Caribbean, and one in the Near East and considering all developing countries, rice provides 27% 
of dietary energy supply and 20% of dietary protein intake. Among the rice growing countries, 
India is the largest grower and the second largest producer of rice in the world. Rice in India 
occupies 44 m ha area with an annual production of 104.32 million metric tons of milled rice 
during 2011-12 crop year. The demand for rice in India is likely to 120 million mt by 2020 and it 
will increase to 140 million metric tons by 2025. This challenge of increasing rice production has 
to be met with dwindling resources in terms of land, water and other agricultural inputs. Given 
the fact that there is not much scope for horizontal increase in area under rice cultivation, vertical 
increase in production i.e. productivity has to be undertaken as a priority area of research in 
genetic improvement of rice for increasing food production. 
The biggest challenge before rice scientists today is therefore to develop technologies that 
lead to the increased production commensurate with the increasing world population. In crop 
improvement breeding programs, genetic variability for quality traits as well as agronomic traits 
in almost all the crops is important, since this component is transmitted to the next generation 
(Singh, 1996). 
2.2: Genetic Markers 
An ideal genetic marker should be polymorphic, multi allelic, co-dominant, non-epistatic, 
neutral and insensitive to environment. Morphological markers do not adequately meet these 
criteria. They are insufficiently polymorphic, generally dominant, often interfere with other traits 
and influenced by the environment. Even though they are numerous in certain species (like rice, 
maize), few of them can be polymorphic in a given progeny. Major limitation of biochemical 
mzirkers is small in number and all the enzymes are not present or active in all the organs. On 
contrast, markers at DNA level meet the criteria of ideal marker besides large in number and 
independent of the stage or organ analyzed, since DNA is the same in all the tissues. 
DNA markers arise from different classes of DNA mutations such as substitution 
mutation, rearrangements or errors in replication of tandemly repeated DNA. These markers are 
selectively neutral because they are usually located in non coding regions of DNA. These 
markers are broadly divided into three classes based on the method of their detection. 1). 
Hybridization based 2).Polymerase chain reaction (PCR) based and 3). DNA sequence based. 
DNA markers reveal genetic differences that can be visualized by gel electrophoresis and 
staining with chemicals. Apart from construction of linkage map, these markers are used for 
diversity analysis and fingerprinting of the individual. 
Restriction Fragment Length Polymorphism (RFLP) 
RFLP markers were first used in 1975 to identify DNA sequence polymorphisms for 
genetic mapping of a temperature sensitive mutation of adeno-vims serotypes (Grodzicker et ai, 
1975). The development of RFLP marker technique revolutionized plant genome mapping, 
offering a new source of virtually imlimited co-dominant markers with extensive genome 
coverage. The technique is based on restriction enzymes that reveal a pattern difference between 
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DNA fragment sizes in individual organisms. The approach involves digesting DNA with 
restriction enzymes, separating the resultant DNA fragments by gel electrophoresis, blotting the 
fragments to a membrane filter and hybridizing probes to the separated fragments. Probes are 
obtained by either synthesizing specific regions of the genome using cloned DNA, or by 
selecting single or low copy clones from a random DNA library. If two individuals differ for a 
particular restriction site that affects the size of the DNA Segment homologous to the probe, 
bands will appear at different positions in their respective auto-radiographs. Variation in 
restriction sites can therefore be detected as restriction fragment length polymorphisms. 
Similarly, insertions or deletions between restriction sites will also generate fragment length 
polymorphisms (Beckmann and SoUer, 1986). 
Other applications of RFLP include varietal identification, mapping and tagging, and 
introgression of alleles from wild or related species into breeding programs (Jena et al., 1992, 
Singh e/a/., 1999). 
Random Amplified Polymorphic DNA (RAPD) 
RAPD was the first PCR based molecular marker technique developed and it is by far the 
simplest. Short PCR primers, approximately 10 bases are randomly and arbitrarily selected to 
amplify random DNA segments throughout the genome. The resulting amplification product is 
generated at the region flanking a part of the 10 bp priming sites in the appropriate orientation 
and RAPD products are usually visualized on agarose gels stained with ethidium bromide 
(Williams et al., 1990). Polymorphism among the amplified products arises as a result of 
changes in specific nucleotide sequence information in the primer binding sites. These changes 
are visible as the presence or absence of a particular RAPD band, or variation in size of the 
amplified Segment when the products are separated by gel electrophoresis (Rafalski and Tingey, 
1993). Crop species in which sequence information is lacking, RAPD has great importance and 
has been used for a variety of purposes including the construction of genetic linkage maps (Yin 
et al., 2001). Hundreds of RAPD markers were used for the linkage mapping and identification 
of linked maker in crop species. 
Amplified Fragment Length Polymorphism (AFLP) 
Amplified Fragment Length Polymorphism (AFLP) is a novel technique based on the 
selective PCR amplification of restriction fragments from a total digest of genomic DNA. This 
technique provided a novel and very powerful DNA fingerprinting for the DNA of any origin or 
complexity. AFLP has been recognized as a reliable and efficient DNA marker compared to 
RFLP and RAPD (Powell et al, 1996) as it combines the reliability of RFLP and the power of 
PCR technique. Several studies have been conducted with AFLP for generation of linkage map 
(Karakousis et al, 2003, Wissuwa et al, 2006) and genetic diversity studies (Prashant et al, 
2002). However, dominant type of inheritance, high labor requirement and high costs are major 
lunitations to applications of AFLP. 
Simple Sequence Repeats (SSR) 
The genomes of eukaryotic as well as prokaryotic organisms contain repetitive DNA 
sequences and these are mainly categorized into two types namely minisatellites, and 
microsatellites on the basis of length of repetitive sequence (Hancock, 1999). Microsatellites are 
class of simple repetitive DNA sequences with smallest length of repeat motif and also known as 
Simple Sequence Repeats (SSR). Some authors (Armour et al, 1999) define SSR as 2-8 bp 
repeats, others (Goldstein and Pollock, 1997) as 1-6 or even 1-5 bp repeats (Schlotterer, 1998). 
Chambers and Mac Avoy (2000) suggested following a strict definition of 2-6 bp repeats, in line 
with the descriptions of the original authors. SSRs are present in both coding and noncoding 
regions and are usually characterized by a high degree of length polymorphism (Zane et al, 
2002). Rising interest in the SSR marker is due to their relative abundance, multiple alleles, co-
dominant inheritance, imiform genome coverage, and simple reproducible assays. 
The flanking sequences of SSRs are often unique, allowing primers to be designed that 
result in tagged SSR markers representing a single locus. The majority of the allelic variation of 
SSR arises as a result of slip strand mis-pairing. The mis-match involves denaturing and 
displacement of strands of DNA duplex followed by mis-pairing of complementary bases at the 
site of an existing tandem repeat. When followed by replication or repair, this can lead to 
insertions or deletions of one or several of the short repeat imits (Levinson and Gutman, 1987). 
Unequal crossing over can also generate tandem duplications in DNA, as well as insertion or 
deletion events in the sequence that flank the SSR region. All of these mechanisms can 
potentially generate allelic variation, providing an important source of highly polymorphic 
markers. This variation is detected by PCR amplification using primers complimentary to the 
flanking sequences. Unlike RAPD, SSR as a marker system have been shown to be highly 
reproducible between laboratories (Jones et al, 1997). 
The SSR loci have been further divided into two classes based on their repeat length and 
potential as informative genetic markers: class I SSRs with repeat lengths of 20 bp or higher, and 
class II SSRs with repeat lengths of 12-19 bp (Temnykh et al, 2001). The rationale for making 
the two classes was that the longer rq)eats will be more polymorphic, based on experimental data 
originally reported in human pCu et al, 2000). Size-dependent mutation bias in long repeats 
towards contraction and in short repeats towards expansion are reported in fruit fly and human 
(Harr and Schlotterer, 2000, Huang et al, 2002). There are reports of positive correlation 
between SSR length and polymorphism in rice but there is no systematic genome wide study to 
validate these assertions (Cho et al, 2000, Temnykh et al, 2000). Recently relationship between 
SSR length and level of polymorphism using random SSR loci of different repeat motifs and 
lengths, representing both genie and intergenic sequences from the twelve rice chromosomes 
(Singh et al, 2010) was analyzed. There was a positive correlation between SSR length and 
average number of alleles per locus but linearity of this relationship was limited to the SSR 
length range of 10-70 bp. The highest polymorphism of 1.9 alleles per locus was observed in the 
SSR length range of 51-70 bp, after which there was a decline in the polymorphism level with 
SSR length longer than 70 bp, which got stabilized at 1.6 alleles per locus. Proportion of 
polymorphic loci in the different SSR length groups also followed similar pattern with even 
sharper decline of polymorphism in the highest size range. 
The major constraint of using SSR markers is the high development cost and effort 
required to obtain working primers for a given study species. This has restricted their use to only 
a few of the agriculturally important crops. A more widespread use of genomic SSRs in plants 
would also be facilitated if such loci were transferable across species. Recently, a new alternative 
source of SSRs development from expressed sequence tag (EST) databases has been utihzed 
(Kota et al, 2001, Kantety et al, 2002, Michalek et al, 2002). With the availability of large 
numbers of ESTs and other DNA sequence data, development of EST-based SSR markers 
through data mining has become a fast, efficient, and relatively inexpensive compared with the 
development of genomic SSRs (Gupta et al, 2003). This is due to the fact that the time-
consuming and expensive processes of generating genomic libraries and sequencing of large 
nimibers of clones for finding the SSR containing DNA regions are not needed in this approach. 
However, the development of EST-SSRs is limited to species for which this type of database 
exists. Furthermore, the EST-SSR markers have been reported to have lower rate of 
polymorphism compared to the SSR markers derived from genomic libraries (Cho et al., 2000, 
Scott et al, 2000, Eujayl et al., 2002, Chabane et al. 2005). 
Availability of Rice genome sequences in the public domain (IRGSP 2005) has removed 
technical and economic limitations and dramatically accelerated the process of development of 
SSR markers. The DNA sequence information of nuclear and organellar genomes of rice has led 
to efficient and high-throughput in silico identification of SSR loci. Recently, 2528 SSRs in the 
mitochondrial genome and average 870 SSRs in the chloroplast genomes have been identified. 
About 8.7% of the mitochondrial and 27.5% of the chloroplast SSRs were observed in the genie 
region. Furthermore, with availability of the rice genomic sequence data of sub species Indica by 
Beijing Genomics Institute (BGI) (Yu et al, 2005) and japonica by the International Rice 
Genome Sequencing Project (IRGSP 2005), it is possible to make comparative thorough analysis 
on SSR between indica and japonica subspecies. A total of 1, 02,706 and 1, 02,423 candidate 
SSRs in the indica and Japonica genomes were predicted, respectively. This fact of development 
of huge number of SSR markers with the availability of increasing data of genome sequencing, 
make SSR as maker of choice for genome analysis and breeding applications in several crops. 
2.2.1: New Generation Markers 
Search for a source of more number of new makers with high efficiency, easy and cost 
effective technique is always on going processes in molecular marker related research. To 
overcome the problems faced by above discussed marker systems, some new generation marker 
techniques has been discovered which provides huge number of new markers with cost effective 
automations. 
Single Nucleotide Polymorphism (SNP) 
SNP are next generation of markers consisting of a single base substitution in the DNA 
sequence at particular loci between two individuals (Koebner and Summers, 2003). The SNPs 
and small insertion-deletions (Indels) are the basis of most differences between alleles. They 
provide an essentially unlimited source of polymorphic markers for use in high-resolution 
genetic mapping of traits, and for association studies that are based on candidate genes or 
possibly whole genome mapping (Rafalski, 2002a). The increasing attraction towards SNPs is 
due to their potential for the highest density of markers and suitability for automation. Relevance 
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of this is getting closer marker for marker assisted selection and fine mapping of QTLs. 
Moreover, binary nature of SNP makes this easier to make detection procedure automated. 
Increasing resource of genome sequences of several organisms has enabled the study of 
sequence variations between individuals, cultivars, and subspecies. These studies revealed that 
SNPs and InDels are highly abundant and distributed throughout the genome (Drenkard et al, 
2000, Nasu et al., 2002, Batley et al. 2003). In rice, an average one SNP per 170 bp and one 
InDel per 540 bp have been identified by comparing sequences fi"om ajaponica cultivar to an 
indica cultivar (Yu et al., 2002). The abimdance of these polymorphisms in plant genomes 
makes the SNP marker system an attractive tool for mapping, marker assisted breeding and map 
based cloning (Gupta et al., 2001, Rafalski, 2002a, Batley et al., 2003). hi past few years, 
number of different SNP genotyping methods and chemistries has been developed (Rafalski, 
2002b, Vignal et al., 2002, Sobrino et al., 2005, Tost and Gut, 2005). Several techniques of SNP 
detection employs allele separation like by restriction enzyme cutting, single strand DNA 
conformation and hetero-duplexes, primer extension, oligonucleotide ligation assay, 
pyrosequencing, exonuclease detection or Taq-Man, invasive cleavage of oligonucleotide probes 
or invader assay. Broadly SNP detection techniques can be classified in to four groups based on 
mechanism viz. allele specific hybridization, primer extension, oligonucleotide ligation and 
invasive cleavage. Allele specific hybridization or allele specific oligonucleotide hybridization 
(ASO) is based on hybridization of two DNA targets differing at one nucleotide position 
(Wallace et al., 1979). An ASO is typically an oligonucleotide of 15-21 nucleotide bases in 
length. It is designed in a way that makes it specific for only one allele. The length of the ASO, 
the conditions of bounding and the target DNA, all plays a role in its specificity. These probes 
can usually be designed to detect a difference of as littie as 1 base in the target's DNA sequence. 
The ASO must be labeled with a radioactive, enzymatic, or fluorescent tag to be detected after it 
has bound to its target. The lUumina methylation assay technology takes advantage of ASO to 
detect one base pair difference (cytosine versus thymine) to measure methylation at a specific 
CpG site. 
Primer extension is a two step process involves the hybridization of a probe to the bases 
immediately upsti-eam of the SNP nucleotide followed by addition of a base that is 
complementary to the SNP nucleotide. This incorporated base is detected and determines the 
SNP allele (Li et al., 1999). Because, primer extension is based on the highly accurate DNA 
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polymerase enzyme, the method is very reliable. Primer extension is able to genotype most SNPs 
imder very similar reaction conditions making it also highly flexible. The primer extension 
method is used in a number of assay formats. These formats use a wide range of detection 
techniques that include MALDI-TOF Mass spectrometry (Masouleh et al., 2009) and ELISA-
like methods (Rapley and Harbron, 2004). 
Oligonucleotide ligation have been used to detect SNPs by hybridizing two probes 
directly over the SNP polymorphic site, whereby ligation can occur if the probes are identical to 
the target DNA. In the oligonucleotide Ugase assay, two probes are designed, an allele-specific 
probe which hybridizes to the target DNA so that its 3' base is situated directly over the SNP 
nucleotide and a second probe that hybridizes the template upstream (downstream in the 
complementary strand) of the SNP polymorphic site providing a 5' end for the ligation reaction. 
If the allele-specific probe matches the target DNA, it will fully hybridize to the target DNA and 
ligation can occur. Ligation does not generally occur in the presence of a mismatched 3' base. 
Ligated or unligatcd products can be detected by gel electrophoresis, MALDI-TOF mass 
spectrometry or by capillary electrophoresis for large-scale ^plications (Rapley and Harbron, 
2004). 
Invasive cleavage reactions offer a simple and specific method for genotyping SNPs 
without prior PCR amplification of the genomic DNA target (Fors et al, 2000). This reaction is 
based on cleavage of a unique secondary structure formed by hybridization of a DNA target 
sequence to upstream and probe oligonucleotides that overlap at one base. The unpaired region at 
the 5' end of the probe forms a flap that is a substrate for cleavage by structure-specific 5' 
endonucleases (Lyamichev et al., 2000). Invasive cleavage assays have been shown to produce 
consistent signals with a wide variety of SNPs (Rao et al, 2003). Many more new platforms 
have been developed for SNP detection to cast effective large scale SNP genotyping in plant 
(Gupta et al, 2008) 
Recently, OryzaSNP project has been initiated to discover genetic variation within 20 
rice varieties and landraces (www.OryzaSNP.org). These varieties are genetically diverse and 
actively used in international breeding programs because of their wide range of agronomic 
attributes. Adapting a hybridization approach previously used for human, mouse, and 
Arabidopsis (Patil et al, 2001, Clark et al, 2007, Frazer et al, 2001), SNP variation in 100 Mb 
of the rice genome was determined, representing 80% of the non-repetitive portion of rice 
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genome, and 159,478 high-quality, non-redundant SNPs distributed across the entire genomes 
were developed (McNally et ai, 2009). 
Cleaved amplified polymorphic sequence (CAPS) 
Cleavage amplified polymorphic sequence (CAPS) and called as CAPS microsatellites 
which do not only convert monomorphic amplicons into polymorphic markers but also produce a 
high level of polymorphism between closely related genotypes. These microsatellite markers 
could be used in genetic mapping studies of plant species. The polymorphism detected using 
CAPS-microsatellite technique is based on the sequence differences in the flanking regions 
outside the microsatellite domains. Since the polymorphism in CAPS-microsatellites is not based 
on sequence length differences any base substitutions including insertion/deletion events can be 
detected allowing more precise identification of genotypes (Ince et al, 2010). 
Expressed Sequence Tags (EST) 
Expressed sequence tag is a PCR approach which requires both cloning and sequence 
information. The EST databases can be mined for microsatellite motifs that would serve as 
locus-specific markers. Development of EST-based microsatellite markers involves considerably 
lower cost and effort. A major disadvantage of the EST-derived microsatellites is the sequence 
redundancy that yields multiple sets of markers at the same locus. However, more recently the 
random EST sequences are being assembled into unique gene sequences called unigenes that 
circumvents the problem of redimdancy in EST databases (http://www.ncbi.nlm.nih.gov). A set 
of class I Uni-gene based Micro Satellite (UGMS) markers have been developed for rice (2780), 
wheat (429), sorghum (266) and barley (297) and physically mapped in silico on to the finished 
rice genome and being mapped in wheat (Parida et al, 2006). 
2.3: QTLs and their importance 
A QTL (Quantitative Trait Locus) is a chromosomal region supposed to contain a gene or 
genes that contribute to a quantitative trait. In QTL mapping experiments the genetic basis of 
quantitative traits is dissected into their single components. It refers to the determination of the 
relative position and distances between mercers along chromosome. Many traits of agricultural 
importance are quantitative, i.e. based on polygenes. As environmental influences can have a 
considerable effect on the expression of these traits, D N A markers can have a great impact in 
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breeding for such traits, because selection for quantitative traits normally requires large scale 
testing in various environments. 
Conventional methods for mapping quantitative trait loci (QTL) in plants include first 
generating a mapping population (F2, backcross, recombinant inbred, etc.) fi-om a biparental 
cross, genotyping the individuals with molecular markers providing genome wide coverage, 
phenotyping the individuals for the trait of interest, and then analyzing the results via linkage 
mapping. Linkage mapping has certainly proven useful in identifying a number of important 
qualitative and quantitative traits in many plant species. These loci determining the expression of 
quantitative traits are described as quantitative trait loci (QTL) and can be detected with the help 
of molecular markers. Molecular markers used for QTL analysis are largely referred to as DNA-
based markers which are used in plant breeding for marker assisted selection of qualitative as 
well as quantitative traits. 
With the whole genome sequencing of rice most of the grain quality attributes, yield and 
yield components in rice are controlled by quantitative trait loci (QTL) as inferred from 
continuous phenotypic variation in the segregating progeny of intervarietal crosses. Thousands of 
QTLs have been identified for yield components m rice and however few of these have been 
cloned. The identification of candidate gene(s) involve in the development of quantitative trait 
has been difficult because of their minor effect and interaction with the environment. However, 
rapidly developing marker technology, statistical methodology and availability of rice genome 
sequence has enabled fine mapping of genomic region harboring QTLs and enabled 
identification of candidate genes in the QTL region, hi order to identify QTLs underlying a given 
trait, molecular mapping of QTLs is necessary, which is achieved by using genetic markers. A 
brief review of different types of genetic markers is given hereunder. 
Mapping populations for QTL analysis 
Construction of a linkage map requires a segregating plant population. Parental lines that 
show wide phenotypic variation in the target traits are necessary for QTL analysis, because QTL 
detection is based on natural allelic differences between parental lines. Generally in self-
pollinating species, mapping populations originate from parents that are both homozygous, 
whereas in cross pollinating species they may be derived fi-om a cross between a heterozygous 
parent and a haploid or homozygous parent. Several different populations may be utilized for 
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mapping within a given plant species, with each population type possessing advantages and 
disadvantages (McCouch and Doerge, 1995). 
F2 populations are derived from cross between two inbred lines, theoretically provides the 
most complete and efficient genetic analysis, whereas, backcross population derived by crossing 
the Fi hybrid to one of the parents. An F2 is better than a backcross since QTL with recessive 
alleles in a recurrent parent could not be detected, and when dominance is present, backcrosses 
give biased estimates of the effects because additive and dominant effects are completely 
confoimded in this design (Carbonell et al, 1993). The main advantages of F2/backcross 
populations are easy to construct and less time to produce, but both populations are cannot be 
replicated to obtain accurate phenotypic values for precise QTL mapping (Lu et al., 1997). 
Doubled Haploid populations are produced by chromosome doubling of anther culture 
derive haploid plants (Lefebvre et al., 1995). The advantage of DH population is that, 
homozygocity is achieved in single step, but it suffers from skewed allele distribution depending 
upon regeneration response of the parental line and poor resolution as they are obtained after 
single cycle of meiosis and recombination from male parent only. 
Recombinant Inbred Lines (RILs) are obtained by successive self pollination/sib mating 
of individuals in F2 and subsequent generations following single seed descent method. RILs offer 
desired population structure as they are obtained after several cycles of meiosis and 
recombination from both parents. RILs obtained by selfing have twice the amoimt of observed 
recombination between very closed linked markers than populations derived from single meiosis, 
hence they are useful in identifying tightly linked markers (Haldane and Waddington, 1931). 
Once homozygocity is attained, these populations can be maintained indefinitely and provide 
unlimited seed supplies for repeated experiments in multiple years and locations to estimate QTL 
X Environment interactions (Liu et al., 2008). The permanent nature of RIL population means 
that the same population can be used for mapping by different researchers and effort of each 
mapping experiment will continue to refine the map since all information contributes to a 
conmion database. Another advantage of RILs is that each genotyp>e is represented by an entire 
inbred line instead of a single individual (as in F2 or back cross populations) which helps in 
accurate measurements of phenotypic variability (Burr and Burr, 1991). DH and RI populations 
are not suitable to study dominance effects, but two alternative strategies are suggested. First is 
creation of heterozygotes by testcrosses or backcrosses from RIL population (Mei et al., 2003) 
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and second is to develop an "immortalized F2" population by intermating between the RILs (Hua 
etal., 2003). 
In rice, QTL moping studies were conducted with different populations like F2, F2:3, 
backcross populations like BCiFi, BC2F2, BC3F2, Backcross Inbred Lines, Doubled Haploids, 
Recombinant Inbred Lines, Introgression lines. Single Segment Substitution Lines etc. 
Construction of genetic linkage maps and QTL mapping 
Genetic mqjping is also known as linkage mapping or meiotic moping (Semagn et al., 
2006). The construction of detailed genetic maps with high levels of genome coverage is a first 
step for some of the applications in plant breeding (Tanksley et al., 1989). Linkage map 
development is useful for localizing genes or Quantitative Trait Loci (QTL) (Mohan et al., 1997, 
Doerge, 2002), marker assisted selection (Staub, 1996), comparative moping between different 
species (Ahn et al., 1993, Paterson et al., 2000), a fi-amework for anchoring physical maps (Yim 
et al., 2002) and the basis for map-based cloning (Vuysteke et al., 1999). 
The first genetic map was published in 1911 by Morgan and Sturevant, who showed the 
locations of 6 sex linked genes on a fiiiit fly chromosome. Genetic mapping is based on the 
principle that genes or markers segregate via chromosome recombination during meiosis, thus 
allowing their analysis in the progeny (Paterson et al., 1996). Quality of linkage map depends on 
the type of mapping population, its size, and type of marker, number and distribution of markers, 
segregation distortion of the markers, missing data, typographical mistakes and the statistical 
methodologies to build up the linkage map and to perform the QTL analysis. 
The mapping procedure is a process of building a map by adding loci one by one, starting 
from the most informative pair of loci. At each step, a marker is added to the map on the basis of 
its total linkage information with the markers that were placed earlier on the map. For each 
added locus the best position is searched and a goodness-of-fit measure is calculated. When the 
goodness-of-fit reduces/jump too sharply, the locus is removed and this will continue until all 
loci have been handled once. Map distances are equal to recombination fi-equencies when the 
map distances are < lOcM and this relationship does not apply for map distances that are greater 
than 10 cM. Genetic mapping functions translate recombination distances in to map distances. 
Haldane's mapping function assumes absence of interference between crossovers in meiosis 
whereas Kosambi mapping function assumes a certain degree of interference (Stam, 1993). 
16 
Commonly used linkage map software programs include LINKAGE (Suiter et al, 1983), 
MAPMAKER/EXP (Lander et al, 1987), GMENDEL (Echt et al, 1992), JoinMap (Stam, 
1993), MapManager QTX (Manly et al, 2001) and Multipoint (Mester et al, 2003). 
In rice, classical genetic map comprising up to 200 phenotypic traits, including loci for 
morphological mutants, disease resistance and isozymes have been described by many 
geneticists and breeders (Kinoshita, 1995). The first comprehensive molecular map genetic map 
of rice was developed at Cornell University by McCouch et al, (1988). Rice Genome Project 
(RGP) in Japan constructed a high resolution molecular linkage map of rice consisting of 1383 
DNA markers at an average interval of 300kb, which was the most dense genetic map available 
in plants at that time (Kurata et al, 1994). The total niraiber of markers on this map was later 
increased to approximately 2300 (Nagamura et al, 1997). Xiong et al, (1997) observed that 
markers in their mq) bridged some of the major g ^ s in the individual Cornell and RGP maps 
due to integration of the markers from both the maps and a majority of the marker loci were well 
conserved between the two maps. Using the centromere mapping technique, a linear 
correspondence was observed between the Cornell and RGP maps facilitating their integration 
(Singh et al, 1996). McCouch et al, (2002) added an additional 2240 markers with 
approximately one SSR every 157 kb by employing electronic PCR with the help of rice genome 
data base, but this is not strictly a genetic map. After the availability of the complete genome 
sequence of rice, now it is easy to develop STS markers for high resolution genetic mapping of 
any region of the rice genome. As indica and japonica both subspecies has been sequenced, 
polymorphic information of a particular SSR locus among these genomes has been worked out 
(Singh et al, 2010). Such availability of genome wide sequence information facilitates the 
effective utilization of SSR marker resources in rice. Now a day, many more linkage map of rice 
has been developed and subsequently, used for the QTL analysis (Table 2.1). 
The principal objective of QTL mapping is connecting QTL to narrow chromosomal 
regions. Three widely-used methods for detecting QTLs are single-marker analysis, simple 
interval mapping and composite interval mapping (Liu, 1998). The simplest method of 
associating markers with quantitative trait variation is to test for trait value differences between 
different markers groups of individuals for a particular marker called Single-marker analysis 
(SMA) (SoUer et al, 1976). The statistical methods used for single-marker analysis include t-
tests, analysis of variance (ANOVA) and linear regression. The chief advantage of SMA is that a 
17 
genetic map is not required but it suffers with drawbacks like confounding QTL effect with 
recombination, no information on QTL location and whether markers are associated with one or 
more QTLs and finally discarding individuals whose genotypes are missing at the marker 
(Browman, 2001). 
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The simple interval mapping (SIM) method makes use of linkage maps and analyses 
intervals between adjacent pairs of linked markers along chromosomes simultaneously and is 
considered to be statistically more powerful compared to single-point analysis (Lander and 
Botstein, 1989). Compared to SMA, interval mapping have advantages like the probable position 
of QTL can be inferred by support interval, estimated QTL location and effects are unbiased if 
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there is only one QTL on chromosome, requires fewer individuals. But it caimot distinguish 
whether any other QTL is present in definite interval or independent of QTLs that are outside 
defined region (Jansen, 1993). Interval mapping can be performed by using maximum Ukelihood 
approach (Lander and Botstein, 1989) or by regression (Haley and Knot, 1992). 
To deal with multiple QTL problems, Jansen (1993) and Zeng (1993) independently 
proposed the idea of combining interval mapping with multiple regressions. Jansen called it as 
Multiple QTL Mapping (MQM) and Zeng called it as Composite Interval Moping (CIM). The 
principle behind both methods is that when testing for the putative QTL in an interval, uses other 
markers as covariates to control for other QTL and to reduce the residual variance such that the 
test can be improved. The main advantage of CIM is that it is more precise and effective at 
m^pmg QTLs compared to single-point analysis and interval mapping, especially when linked 
QTLs are involved. 
Multiple Interval mapping uses multiple marker intervals simultaneously to fit multiple 
putative QTLs directly in the model for mapping QTL. M M uses maximum likelihood for 
estimating genetic parameters and Cockerhan's model for interpreting genetic parameters. It 
identifies number of QTL, genomic positions, effects and interactions of significant QTLs and 
their contribution to genetic variance (Zeng, 1999). Multiple QTL mapping ^proach is used for 
simultaneous mapping of multiple interacting QTLs, but owing to computational constraints, it is 
only quasi-simultaneous quantitative trait mapping method. The principle behind simultaneous 
search for multiple QTL genome wide is based on enumerative search methods and rapidly 
become computationally intractable as the number of QTLs in the model increases (Kao et al., 
1999). 
Multiple trait analysis proved an efficient tool for increasing QTL detection power, 
mapping resolution and accuracy of estimated parameters. In case of correlated traits, joint 
analysis explains the pleiotropic effects of QTLs of traits imder testing. The residual correlation 
between traits caused by non genetic effects, unlinked QTLs and finally it discriminates betweeaR 
linkage and pleitropy (Korol et al, 2001). QTL effects may be environmentally sensitive anis 
sensitivity results in phenotypic plasticity depending on environmental variability. Jansen (1995) 
developed QTL x Environment interaction component in interval mapping model. This model 
considers only the case when the same mapping population is phenotyped in several 
environments. 
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Regardless of the method used to estimate and locate single or multiple QTL, once the 
test statistics are calculated the likelihood of the event is assessed. The statistical basis of these 
comparisons relies on model assiraiptions, the most common of which reqxxires the quantitative 
trait values to be normally distributed. In reality, the distribution of the trait is not normal, and 
needs to be considered as a mixture of normal distributions. Violating the normality assumption 
has an impact on the distribution of the statistic used to test for a QTL, which makes standard 
statistical procedures potentially inaccurate. One approach to obtaining the distribution of the test 
statistic is to use a computer simulation to produce the data. Thousands of data sets, taken from 
the same statistical model, are simulated and the test statistics calculated. Permutation 
resampling and bootstrap resampling have been applied as a means of randomizing the 
phenotypic data for the purpose of evaluating the any test statistic under a null hypothesis that 
tests for a QTL (Doerge, 2001). 
A permutation randomization of data samples phenotypes without replacement i.e., traits 
are randomly assigned to individuals in the data set with no single trait value being assigned to 
more than one individual (Churchill and Doerge, 1994). A bootstrap randomization of the data 
samples phenotypes with replacement such that after an individual receives a random trait 
assignment, some other individual might receive the same random trait assignment (Efron and 
Tibshirani, 1993). Both resampling methods have been noted as being computationally 
demanding techniques that require more than 1,000 resamples, and each potentially leads to 
different results. Additionally, when models are very complex becomes computationally too 
demanding, as one would have to provide up to 1,000 resamples for every model considered. 
Commonly used QTL mapping softwares are MAPMAKER/QTL vl.l (Lincoln et al. 1992 a,b), 
MQTL (Tinker, 1995b), Map QTL v3.0 (Van Ooijen and Maliepaard, 1996b), PLAB QTL vl.2 
(Utz and Melchinger, 1996), QGENE (Nelson, 1997), Map Manager QT (Manly, 1997), 
QTLmapper vl.O (Wang et al., 1999), MultiQTL (Korol et al.. 2001), QTX (Chmielewicz and 
Manly, 2002), and WinQTLCart v2.5 (Wang et al.. 2007). 
Among available mapping softwares, Mapmaker/EXP was extensively used for 
constructing linkage map in rice. A range of QTL mapping software packages were used to map 
QTLs in rice. 
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2.4: Marker assisted selection 
Exploitation of the information derived from the m ^ position of traits with agronomical 
importance and of the linked molecular markers, can be achieved through marker assisted 
selection (MAS) of the traits during the breeding process. The term "marker-assisted selection" 
was first used in the literature over two decades ago (Beckmann and SoUer, 1986) in relation to 
potential uses. MAS has been advocated as a highly efficient breeding method as it considered as 
the most effective way of transferring specific gene(s) to an otherwise agronomically superior 
varieties through rapid and precise selection of the targeted gene(s) (Tanksley et al, 1989). 
Marker assisted selection (MAS) is based on the concept that it is possible to detect the 
presence of a gene fi-om the presence of a marker that is tightly linked to the gene. Once a tight 
linkage is foimd between a molecular marker and a gene of interest, the inheritance of the gene 
can be traced in breeding programs. Therefore, the identification of markers linked to important 
traits could result in the development of more efficient breeding strategies, enabling breeders to 
discard imwanted genotypes early in the program. In case, if the marker and the gene are located 
far apart then the possibility that they will be transmitted together to the progeny individuals will 
decrease due to recombination events. Using the marker map, putative genes affecting traits of 
interest can then be detected by testing for statistical associations between marker variants and 
any trait of interest. These traits might be genetically simple like disease resistance in plants or 
complex quantitative traits like agronomic traits including quality and yield and related 
components. Marker assisted pyramiding of major genes/ QTLs has helped in tackling the 
susceptibility for major diseases and insect such as bacterial blight (Huang et al, 1997, Singh et 
al., 2001, Zhang et al., 2006, Joseph et al, 2004, Gopalakrishnan et al, 2008, Sundaram et al, 
2008, Basavaraj et al, 2010, Hari et al, 2011, Bhatia et al, 2011), blast (Hittalmani et al, 2000, 
Zhou et al, 2011, Singh et al, 2011), sheath Wight (Wang et al, 2011), brown plant hopper (Suh 
et al, 2011) and gall midge (Katiyar et al, 2001). 
The success of MAS is influenced by the distance between the markers and the genes of 
interest. Dekkers (2004) distinguished three kinds of facts affecting efficiency of marker: 
1) The molecular marker is located within the gene of interest. In this situation, one can refer to 
gene-assisted selection (GAS). This is the most favorable situation for MAS, but these kinds 
of markers are the most difficult to find. 
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2) The marker is in linkage disequilibrium (LD). LD is the tendency of certain combinations of 
alleles to be inherited together. This can be found when markers and genes of interest are 
physically very close to each other and/or when lines or breeds have been crossed in recent 
generations. Selection using these maiicers can be called LD-MAS. 
3) The marker is not in linkage disequilibrium i.e. in linkage equilibrium. Selection using these 
markers can be called LE-MAS. This is the most difficult situation for applying MAS. 
MAS for improvement of quantitative traits 
Rice is a major component of the diet of over half of the world's population. 
Simultaneous improvement of yield and end-use quality remains a challenge for rice breeders 
because yield and quality are typically negatively correlated with one another (Sakamoto and 
Matsuoka, 2008). Most of the important agronomic traits of rice are complex and polygenic in 
nature, controlled by QTL. Quantitative traits often have a low heritability, with many QTLs 
segregating for the trait, each with small effect individually. As a result, effects of individual 
regions are not easily identified, and multiple genomic regions get manipulated at the same time 
in order to have a significant impact. Thus, repUcates of field tests are required to characterize 
accurately the effects of QTLs and to evaluate their stability across environments. Although 
significant QTL effects were detected across several environments, variation in expression due to 
QTL by environmental interactions (Q x E) remains a major constraint to the discovery of QTL. 
MAS for quality traits 
Rice starch is composed of amylose and amylopectin, and the percentage of amylose is 
an important characteristic of cooking quality. The waxy (wx) gene on rice chromosome 6 codes 
for granule-boimd starch synthase and is largely responsible for amylose content (Wang et ai, 
1995). An SSR marker linked to wx, containing a variable number of cytosine-thymine (CT) 
repeats, is closely associated with amylose content and grain quality. Two SNPs in exons 6 and 
10 were associated with differences in apparent amylose content and viscosity properties of rice 
cultivars (Larkin and Park, 2003). Gelatinization temperature (GT) is another important grain 
quality trait. It is controlled largely by the starch synthase II gene {Alk on chromosome 6), and 
SNPs in this gene affect the activity of SSIIa (Umemoto and Aoki, 2005). A large-effect QTL 
was identified in the Wx locus (Fan et al, 2005). Improvement of four quality traits (amylose 
content [AC], gel consistency [GC], GT, and translucency) of indica hybrid rice was achieved 
22 
using MAS (Zhou et ai, 2003). Results from this study also confirmed that the Waxy region has 
major effects on the three traits for cooking and eating quality. 
MAS for yield and yield components 
The major challenge to rice breeders for increasing yield potential of cultivars is to 
improve the agronomic traits contributing to rice yield. It is difficult to achieve this goal by using 
conventional breeding technologies because of the epistatic interaction of different yield-
contributing genes (Mei et al, 2006). Promising technologies such as the use of DNA markers 
for MAS of agronomic traits for yield and the use of a physiologically based crop simulation 
model to define the best combination of yield component traits for a range of agro ecosystems 
are essential to increasing yield. 
Some investigations provide examples on the practical ^plication of MAS to increase 
yield, it is becoming clear that integrated approaches involving traditional methods of 
agricultural improvement (Lande and Thompson, 1990) and combination of crop modeling and 
QTL moping (Yin et al, 2003) are required to select a crop ideotype for a given environment. 
QTL alleles for yield components traits derived fi"om the wild rice relative O. rufipogon have 
been extensively studied by using advanced BC populations (AB-QTL, Tanksley and Nelson, 
1996). In these studies, despite its inferior performance, 53% (Thomson et al., 2003) and 33% 
(Septiningsih et al, 2003) of the QTLs alleles originating fi-om O. rufipogon had a beneficial 
effect for yield and yield components in the recipient rice elite cultivars. The lower percentage 
reported in the second study may be explained by an higher genetic similarity between the elite 
line and O. rufipogon at the yield QTL alleles or by the fact that in this cross the elite cultivar 
may have more favorable alleles at most of the identified loci. Some of the O. rufipogon yield 
QTLs identified were not linked to any deleterious negative QTLs and would directly be useful 
to develop breeding materials. In several different instances, the O. rufipogon alleles showed the 
same effect in different genetic backgrounds and environments, supporting the stability of these 
yield QTLs. A thousand grain weight (TGW) QTL has recently been identified on chromosome 
6 by using BC inbred lines derived fi-om a cross between the high-yield rice japonica cv. 
Nipponbare and the low-yield indica cv. Kasalath (Ishimaru, 2003). The QTL allele increasing 
TGW is derived from the low yield cv., and when introgressed by MAS into a Nipponbare NIL, 
this QTL increase TGW and yield per plant by 10 and 15% respectively without any effect on 
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plant type. The genomic region in which this yield QTL is located is tagged by several molecular 
markers that can be used to mtrogress this QTL to increase yield in high yielding rice cultivars. 
In another study, SSR markers for yield-enhancing QTL have been used for improving 
yield of variety '9311' through MAS, and many backcross lines were obtained with high yield 
potential (Liang et ai, 2004). Major and minor QTL for several yield components, such as plant 
height, panicle length, spikelets per panicle, grain weight, grain length, harvest index, and grain 
yield, have been reported (Bemier et ai, 2007). Among the several genes linked to QTL for 
yield, the QTL for grain length (qGL3), grain length and weight (qGS3), grain weight (qgw3), 
grain width and weight (qGW2), grain number (qGnl), and plant height (PhJ) have been 
dissected as simple Mendelian factors and fine mapped (Ashikari et al, 2007, Fan et ai, 2006, Li 
et ai, 2004, Wan et ai, 2006). For example, the cloned GW2 gene on chromosome 2 is a RING-
type protein that controls grain width and weight (Song et al, 2007). GS3 from chromosome 3 
encodes a putative transmembrane protein and controls grain length and width (Fan et ai, 2006). 
Wang et al, (2012) reported a quantitative trait locus GW8 is synonymous with OsSPL16, 
encodes a protein that is a positive regulator of cell proliferation. It's higher expression promotes 
cell division and grain filling, with positive consequences for grain width and yield in rice. 
Conversely, a loss-of-function mutation was associated with the formation of a more slender 
grain and better quality of appearance. The correlation between grain size and allelic variation at 
the GW8 locus suggested that mutations within the promoter region were likely selected in rice 
breeding programs. In order to improve grain quality and yield targeted at elite alleles of GS3 
and OsSPL16 underlying grain size and shape can be effectively used in the marker-assisted 
strategy. These potential genes and alleles associated with DNA markers could be used in MAS 
to improve yield in rice. 
Although thousands of QTLs have been reported in the literature (http://www. gramene. 
org/plant ontology/#to), for yield and related components, their biological significance is to be 
validated. QTL validation can be done by developing a QTL-based nearly isogenic lines (NILs) 
by crossing the two lines (usually the parents of the QTL mapping population) carrying the 
contrasting alleles of the QTL followed by successive backcrossing. Large nimibers of QTLs 
have been validated using this approach in a number of plant species. Table 2.2 summarizes 
QTLs validated for yield traits in NIL backgroxmds. 
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Table 2.2: Major QTLs validated for rice yield traits in nearly isogenic genetic 















































































































Shan et ai, 2009 
Baie^a/., 2010 
Liu e/a/., 2009 
Ashikari et ai, 2005 
Tian et al., 2006 
Long et ai. 2006 
Zhang et ai, 2009 
Zhang et ai, 2009 
Zhang et ai, 2009 
Xing e/a/., 2008 
Zhang et ai„ 2006 
He e/a/., 2006 
Marker-assisted selection (MAS) can be used for monitoring the presence or absence of 
the genes in breeding populations and can be combined with conventional breeding approaches. 
Marker-assisted backcross breeding has been used to effectively integrate major genes or 
quantitative trait loci with large effect into widely grown varieties. Pyramiding different 
resistance genes using MAS provides opportunities to breeders to develop broad-spectrum 
resistance for diseases and insects. The use of cost-effective DNA markers derived from the fine 
mapped position of the genes for important agronomic traits and MAS strategies will provide 
opportunities for breeders to develop high-yielding, stress-resistant, and better-quality rice 
cultivars. 
2.5: Molecular mapping of rice quality and yield and related QTLs 
In recent years availability of DNA markers and powerful biometrical methods has led to 
considerable progress in QTL mapping in plants. Molecular genome maps have been 
constructed in all important crop plants. A large number of genes for qualitative and quantitative 
traits have been mapped using molecular markers. Information about QTL mapping experiments 
in cereal crops are available through websites like Gramene (www, gramene.orgl Graingenes 
(wv^^. graingenes.org). Maizedb fwww.maizedb.org) and Barleyworld etc. 
(www.barlevworld.org). Gramene site hosts information on 10 cereal crops like rice, oat, barley. 
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pearl millet, foxtail millet, sorghum, wheat, tetraploid wheat, maize, wild rice etc. whereas other 
sites hosts information about single crop or two crops. Gramene website was browsed to have an 
overview about QTL mapping experiments. As on 15.7.2008, 11,624 QTLs have been mapped 
in ten crops. Out of which 8,646 QTLs were identified in rice. All the mapped QTLs belonged 
to 336 traits which are grouped into 9 categories like abiotic stress, biochemical, anatomy, biotic 
stress, development, quality, sterility, vigor and yield. 
2.5.1: Identificatioii of Quantitative Trait Loci (QTL), allelic diversification for rice quality 
traits and their importance in breeding and consumer acceptance 
Indian growers and marketers are increasingly interested in the production of high quality 
rice for the potentially lucrative export market. Unlike other cereals, much of the rice produced 
in the world is cooked and consumed as a whole kernel. Rice grain quality is based on a 
combination of subjective and objective factors and it is very difficult to define as it varies from 
region to region and the preparations for which grains are to be used. From consumer's point of 
view, the quality parameters are grain appearance, size and shape of the grain, cooked kernel 
elongation, taste, tenderness and flavor of the cooked rice. For miller's, rice quality is total 
recovery and proportion of head and broken rice on milling (Singh et al., 2000). 
The primary components of rice grain quality include appearance, eating, cooking, 
milling and nutritional qualities. The texture of cooked rice is largely dependent upon the amount 
of amylose in the grain. These factors influence how the rice grain cooked. Short, medium, and 
long grain cultivars are evaluated for amylose content and the temperature at which the starch 
gelatinizes to meet the criteria that are set for each grain type by the industry. Each of these 
components consists of attributes that are determined by the physico-chemical properties of the 
rice grain and the standards depend on the socio-cultural factors such £is the history and traditions 
of the localities where rice is grown. The second major criterion is taste. Good eating quality 
relates to stickiness, sweet flavor, gloss of the cooked rice and palatability (Mutters, 2000). 
Grain quality is determined by measurable physical and chemical characteristics that are 
either genetic such as alkali spreading value, gel consistency, aroma, grain shape and size, bulk 
density, thermal conductivity, equilibrium moisture content or acquired such as moisture content, 
color and chalkiness, purity, damage, cracked grains, immature grains, milling-related 
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characteristics (head rice recoveries, whiteness and milling degree) are also included as relevant 
measures of quality because they are of concern to consumers. 
Gelatinization temperature directly affects the physical properties of the starch granule, 
which in turn influences the quality ratings of cooked rice. Rice with a high gelatinization 
temperature becomes excessively soft and tends to disintegrate when overcooked. Under 
standard cooking procedures, this type of rice tends to remain undercooked. It requires more 
water and time to cook than those with low or intermediate gelatinization temperature. Thus, 
gelatinization temperature correlates positively with the time required to cook rice. Soaked 
milled rice of high gelatinization temperature elongates less during cooking than rices with low 
or intermediate gelatinization temperature. 
Toquero (1991) highlighted the wide variation in consumer demand for rice quality 
characteristics and the economic values attached to each attribute across coimtries, regions, rural 
and urban areas, income groups, and seasons. In general, rice consxmiers in lui^an areeis and those 
with higher incomes are more discriminating. They are more sensitive to the quality 
characteristics, and attach higher values to these attributes than to rural consumers. Grain shape, 
cooked kernel elongation, gelatinization temperature and aroma are some of the end-use quality 
traits that differentiate these types of rice from those in conventional market classes (Bergman et 
al., 2002). 
Amylose Content 
Amylose content is the most importjmt of all the cooking quality characteristics as it 
greatly affects the cooking and processing behavior of milled rice. Rice varieties vary in amount 
of amylose content, ranging from waxy types with essentially no amylose, to temperateya/7o/wca 
short-and medium-grain types with 16-18% amylose, to tropical yapon/ca long grains with 21-
24% amylose, and to many indica types with up to 28% amylose (Rutger and Mackill, 2000). 
Moreover, cooking and eating characteristics of rice is mainly decided by starch properties. The 
amylose content usually ranges from 15 to 35%. Rice varieties with high amylose content shows 
high degree of flakiness along with high volume expeinsion, cooks dry, are less tender, and 
become hard upon cooling. In contrast, low-amylose rice varieties cook moist and sticky. 
Intermediate amylose rice is preferred in most rice-growing areas of the world. 
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Earlier studies on inheritance of amylose content have shown involvement of one major 
gene and several modifiers. Heda and Reddy, (1986) reported bimodal distribution in F2 
population with large number of progeny exhibiting high amylose content. They concluded that 
amylose content is governed by two pairs of genes with partial dominance of high amylose over 
low amylose. Kumar and Khush, (1988) reported significant difference in amylose content, due 
to difference in doses of wx gene in the endosperm being a triploid tissue. In 1976, Hue and Park 
studied the dosage effect using isogenic lines of glutinous rice developed different endosperm 
genotypes and foxmd that the alleles are additive in action. Genetic studies revealed that amylose 
content is controlled by a single major locus, wx, with modification by some minor genes (Sano, 
1984, Kumar ef a/., 1987) 
Starch in the rice endosperm contains two types of polysaccharides: amylose and am>dopectin. 
Amylose is synthesized by starch granule bound starch synthase I (GBSS I) which is the last 
enzyme catalyzing the formation of amjdose (Buchanan et ai, 2000) encoded by the waxy gene 
(Sano, 1984). The starch branching enzyme {SBE) and soluble starch synthase {SSS) play major 
roles in the synthesis of amylopectin. Bao et al, (2002) studied microsatellite polymorphisms in 
the above three genes in 56 accessions of waxy rice. Four (CT)n microsatellite alleles viz., 
(CT)i6, (CT)i7, (CT)i8 and (CT)i9, at the via locus were detected in this set of waxy rice, of which 
(CT)i7 was the most fi-equent. Three (CT)n microsatellite allele classes were found at the SBE 
locus, (CT)8 or (CT)io together with an insertion sequence of CTCTCGGGCGA, and (CT)8 alone 
without the insertion. There were multiple microsatellites clustered at the SSS locus. The 
analyses of starch physico-chemical properties among different microsatellite genotypes 
indicated that the waxy rice group with the (CT)i9 allele, the SBE-A allele and the SSS-B allele 
was quite different from other groups. Nine out of 15 accessions with a low alkali spreading 
value belonged to the wx (CT)i9 group, all of them belonged to the SBE-A group and 13 of them 
belonged to the SSS-B group. These microsatellites might be usefiil in marker-assisted breeding 
for the improvement of rice grain quality. 
The wx gene is expressed in the endosperm and pollen but not in other organs (Hirano 
and Sano, 2000). Wang et ai, 1995 reported that the splicing eflBciency of the first intron of the waxy 
gaie is highly correlated with AC in rice endosperm. A thorough spUcing of the first intron of the waxy 
gene leads to a high AC, a partial splicing leads to an intermediate AC, while a failure to splice leads to a 
waxy (i.e., glutinous), hi non-glutinous rice, two wild type alleles of the wx locus, W and Wx'', have 
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been recognized and the expression of Wjif characteristic of indica rice and the Wjd' gene is found mainly 
mjaponica rice (Sano, 1984). Varieties with vwc* allele produce ten folds higher GBSSI protein in 
their endosperm than plants Avith vva'' allele (Hirano and Sano, 2000). 
Another locus called dull (du), also controls amylose synthesis. A series of du mutants 
have been foimd as dull phenotypes in mature seeds which are shown to contain less amylose 
(Yano et al, 1988). The genes responsible for these mutations are independent of the wx locus. 
The biochemical analysis suggested that low amylose content in du mutants are also caused by 
reduced levels of wa protein (Sano, 1985). 
Even though amylose content is controlled by a number of genes involved in starch 
biosynthesis pathway with multiple alleles, the major locus responsible for difference in amylose 
content was mapped on to short arm of chromosome 6 at the waxy locus with modifier genes 
dispersed on chromosomesl, 3, 7, 8,9 and 12. 
Allelic diversity at the wx and other starch related locus 
The Waxy {Wx) gene encodes a granule-bound starch synthase (GBSS) that plays a role in 
amylose synthesis in plants (Smith et al., 1997). Waxy (or glutinous) rices lack amylose, which 
represents up to 30% of the total starch in non-waxy rice endosperms. Amylose content is a key 
determinant of cooking, processing, and eating qualities in rice (Juliano, 1971). The GBSS 
encoded by the Wx gene (called the Wx protein) is accumulated during the process of grain 
filling, and its GBSS level in the endosperm is believed to explain the amylose level in rice (Sano 
1984). 
The functional alleles Wx° and Wx^, which are associated with high (22-29%) and low 
(12-19%) amylose content, respectively, are predominantly distributed in Oryza sativa ssp. 
indica and Oryza sativa ssp. japonica, respectively (Sano 1984, Sano et al., 1985, Wang et al., 
1995). The lower level of expression of the Wx'' allele has been shown to result from the 
inefficient splicing of intron 1 due to a G-to-T mutation at the 5' splice site (Bligh et al., 1998, 
Cai et al., 1998, Hirano et al., 1998, Isshiki et al., 1998). However, the existence of these two 
alleles itself is not sufficient to explain the wide range of variation in amylose content observed 
in non-waxy (or non-glutinous) Asian rice. 
Inheritance of amylose content traits is often complex because of the impact of modifiers 
like du genes (McKenzie and Rutger, 1983), epistasis, c>toplasmic effects, the triploid nature of 
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the endosperm (Kumar and Khush, 1986, Pooni et al, 1993), and environmental temperature 
(Inatsu, 1979), all of which make it difficult to identify the allelic diversification at the wx locus. 
However, opaque or chalky endosperms are known to have very low amylose content (<10%) 
and to be controlled by the Wx op allele (Mikami et al, 1999). Furthermore, intermediate 
amylose content (20-25%) is reportedly determined by a single gene, although it is not yet 
certain whether the causal gene is an additional allele at the wx locus or another modifier (Kumar 
and Khush, 1987). In US cultivars with intermediate amylose content (20-22%), the Wx gene 
can be divided into several haplotypes on the basis of CT repeats in the 5'-untranslated region of 
the Wx gene (Ayres et al., 1997), suggesting that unknown alleles might be present at the wx 
locus of rice. Post-transcriptional processing of the GBSS transcript is also proposed to play a 
role in determining the amylose content (Larkin and Park, 1999), showing that trans-acting genes 
are also involved in the expression of the Wx gene, although to what extent the multiple alleles at 
the via locus affect the enzymatic activity of GBSS remains largely unknown in rice. The Wx 
region on chromosome 6 plays a significant role for determinants of the eating quality (Tian et 
al, 2005, Wang et al, 2007), however, it is not easy to examine whether phenotypic changes are 
caused by the Wx dleles or it's linking modifiers. The waxy phenotype arises through disrupted 
expression of the Wx gene. The genealogy of the Wx gene has been successfully exandned to 
trace the evolutionary and geographical origins of this phenotype, with the finding that the splice 
donor mutation associated with waxy phenotypes has a single evolutionary origin, and that the 
origin of waxy rice is associated with reduced genetic variation characteristic of selection at the 
wx locus (Olsen and Purugganan, 2002). However, some waxy rice landraces have no splice 
donor mutation, suggesting that the wx phenotype is not inevitably associated with the mutation 
(Inukai et al, 2000, Bao et al, 2002, Yamanaka et al, 2004). Oryza sativa comprises two 
subspecies, ssp. indica and ssp. japonica, and the latter is divided into tropical japonica and 
temperateyapo«/ca (Khush, 1997, Garris et al, 2005). The splice donor mutation is prevalent in 
temperate7a/?o«/ca rice, but rare or absent in indica and \iap\cd\ japonica rice (Yamanaka et al, 
2004, Olsen et al, 2006). Sequence analysis of regions linked to the Wx gene has revealed a 
strong signature indicating that a selective sweep has occurred in the temperate japonica 
landraces associated with the mutation (Olsen et al, 2006). Mikami et al, (2008) studied the 
allelic diversity at the wx locus in a set of Asian rice landraces and found a continuous variation 
at five putative alleles {Wx^, Wx'", Wx'', Wx"'', and wx) at the wx locus in near isogenic lines. AAC 
showed a positive relation with the levels of Wx gene product, granule-bound starch synthase 
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(GBSS) as well as the enzymatic activity per milligram starch granule. Only opaque (Wx°'') 
accessions had an enzymatic activity per GBSS that was reduced to half the level of the others. 
Tian et al., (2009), studied the allelic diversity of the eighteen candidate starch synthesis related 
different genes in a set of 33 indicas and 33 japonicas. The starch synthase Ila (SSJIa) gene has 
seven SNPs and contiguous SNPs (GC/TT) associating with gelatinization temperature and 
pasting temperature, respectively (Bao et al., 2006b). The starch branching enzyme 1 (SBEl) and 
starch branching enzyme 3 {SBE3) have the insertion/deletion associations with the starch 
characteristics (Larkin et al., 2003, Bao et al., 2006a). For detection of additional SNPs related to 
starch physicochemical properties, the eight candidate genes were selected based on the previous 
reports. GBSS I is single locus gene related to amylose biosynthesis (Wang et al, 1995). ADP-
glucose pyrophosphorylase (AGPase), composed of large and small subimits, participates in 
ADP-glucose biosynthesis, which is the substrate of amylose and amylopectin and had been 
evaluated as the rate limiting step in starch biosynthetic pathway (Preiss, 1997). 
Other candidate genes such as putative 1,4-alpha- glucan branching enzyme (BE), 
branching enzyme-3precursor (BE3), putative isoamylase-type starch debranching enzyme 
{SDE), putative starch synthase DULLl (SSdul), and putative GIGANTEA (G/) are regarded as 
affecting the amylopectin biosynthesis pathway (James et al., 2003, Schultz and Juvik, 
2004).These candidate genes participating in starch biosynthesis at different steps were used 
previously to find SNPs using CAPS and dCAPS methods (Konieczny and Ausubel, 1993, Neff 
et al.. 1998, Lee et al., 2009). 
In rice and in maize, intra-allelic recombination produces non-waxy pollen grains in 
some crosses between wx accessions (Li et al., 1968, Nelson, 1968), giving a contrasting 
explanation of why wx phenotypes might have repeatedly emerged in domesticated forms of rice. 
Thus, the evolutionary changes in the expression at the wx locus are still to be clarified. 
Alkali spreading Value 
Gelatinization temperature of the endosperm starch is a useful test of cooking quality, 
refers to the cooking temperature at which water is absorbed and the starch granules swell 
irreversibly with a simultaneous loss of crystallinity. Juliano et al., (1964) found a significant 
correlation between disintegration of rice endosperm starch granule in alkali (KOH) solution and 
gelatinization temperature of milled rice. Gelatinization temperature directly affects the physical 
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properties of the starch granule, which in turn influences the quality ratings of cooked rice. Rice 
with a high gelatinization temperature becomes excessively soft and tends to disintegrate when 
overcooked. Under standard cooking procedures, this type of rice tends to remain imdercooked. 
It requires more water and time to cook than those with low or intennediate gelatinization 
temperature. Thus, gelatinization temperature correlates positively with the time required to cook 
rice. Soaked milled rice of high gelatinization temperature elongates less during cooking than 
rice with low or intermediate gelatinization temperature. 
Amylopectin side chains play a distinct role in the disintegration of rice endosperm starch 
granules in alkali solution and their gelatinization in urea solution (Nishi et al, 2001, Umemoto 
et a/., 2002). Starch granules containing amylopectin enriched in shorter chains are more easily 
disintegrated in alkali solution than starch granules having amylopectin enriched in longer 
chains. Varietal differences in amylopectin fine structure were reported by Nakamura et al., 
(2002). The alkali spreading value provides a simple means of classifying rice into high, 
intermediate and low gelatinization temperature types. Classifying rice varieties according to 
gelatinization temperature is useful in selecting the varieties, which are appropriate for use in 
parboiling, quick cooking, puffing, extruding, and other rice cooking and processing 
technologies. 
A significant correlation between disintegration of rice endosperm starch granule in 
alkali (KOH) solution and gelatinization temperature of milled rice was observed. Rice with low 
gelatinization temperature (ASV 6-7) disintegrates ahnost completely in 1.7% KOH solution, 
whereas rice with intermediate gelatinization temperature (ASV 4-5) shows partial disintegration 
(Juliano et al., 1964). Rice with high gelatinization temperature (ASV 1-3) remains largely 
unaffected in 1.7% KOH solution. Most of the Indian consumers prefer rice varieties with 
intermediate gelatinization temperature (ASV 4-5) over low gelatinization temperature rice 
varieties (ASV 6-7). The difference in alkali spreading score can be attributed to the difference in 
the starch composition (amylose: amylopectin) and more importantly amylopectin is responsible 
fortius trait. Regions of high-branch fi-equency alternate with regions that are devoid of branches, 
enabling intervening linear chains to align in parallel arrays of double helices (Imberty et al., 
1991). This conserved architecture is responsible for the semi-crystalline nature of starch 
granules, which allows the dense packaging of glucose units. A higher order organization in 
amylopectin gives rise to two types of crystalline structure, A-type and B-type, which differ with 
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respect to the symmetry and packing of short amylopectin chains (Gallant et al, 1997). Most of 
the differences between japonica and indica rice in terms of the disintegration of endosperm 
starch granules in alkali solution (Umemoto et al, 2002). 
Kudo, 1968 mapped alk gene on chromosome 6 which is responsible for the varietal 
difference in the alkali disintegration of starch granules. The inheritance of gelatinizadon 
temperature is not entirely clear, but it appears involving one or two major genes. Gelatinization 
temperature is reasonably high in heritability, although it may vary as much as lO'C within a 
variety in exceptional cases, depending on environment. High air temperature after flowering 
raises the gelatinization temperature (which lowers grain quality) and low air temperature reduces 
it (Jennings et al, 1979 a, b). Studies on the mode of inheritance of gelatinization temperature by 
various woikers in the past revealed inconsistaicy in respect of not only the number of grates controlling 
the trait but also the nature of dominance- recessive relationship (Stansel, 1965, Puri and Siddiq,1980). 
152: Identification of Quantitative Trait Loci (QTL) for Yield and Yield Related Traits 
Grain yield in rice is a complex trait dependant on various morphological and component 
traits. Yield-contributing traits such as tiller number, grain number and grain weight influence 
the yield directly and are highly affected by the environment (Liu et al, 2006, Ishimaru et al, 
2005, Jiang et al, 2004). Total 2,006 QTLs have been mapped for various yield and yield realted 
traits in rice (Aug 2009, www.gramene.org). A number of such quantitative traits show high 
magnitude of genotype x environment (GxE) interactions (Senthilvel et al, 2008, Liu et al, 
2008, Hittalmani et al, 2006). These types of interactions are a challenge to rice breeders and 
have been shown to reduce the progress of the quantitative traits during selection process. GxE 
interactions are vital in the expression of the overall QTL effect. 
A total of 2,234 QTLs were identified in more than 50 QTL mapping studies for yield 
and yield related traits in rice, as reported by Gramene. Among all traits mapped, plant height 
accoimts for maximum number of QTLs of 1,011 and minimum in spikelets per panicle length of 
15. 
Trait wise QTLs for yield and yield related traits in rice are reviewed hereunder. 
QTLs for spilcelets per panicle 
Grain number per panicle (GN) frequently makes the greatest contribution to grain yield 
and has received the most attention in genetic analysis. However, this trait is inherited in a 
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quantitative manner and typically controlled by a number of major and minor QTL and is also 
affected by environment, which present a challenge in characterizing GN. This trait is much less 
complex than yield by itself, yet highly correlated with yield. In rice, the number of spikelets per 
panicle is a crucial determinant of grain yield together with panicle number. Genetic 
improvement of SN/panicle is a major concern to attain high yields. The efficient improvement 
across different locations requires good xmderstanding of genetic factors associated with the trait 
and its genotype by environment interactions. 
The heritability of grains per panicle is high, and according to Brondani et ai, 2002, it is 
the best indicator of fitness of a genotype. Mapping for grain number have been conducted using 
various mapping populations derived fi"om inter-specific crosses (Xiao et ai, 1998, Moncada et 
al, 2001, Thomson et ai, 2003, Li et ai, 2006), indica-japonica inter-subspecific crosses (Lu et 
ai, 1996, Redona and Mackill 1998, Yagi et al, 2001, Xing et ai, 2002, Mei et al, 2003, 2005), 
indica-indica crosses (Lin et al, 1996, Zhuang et al, 1997) and japonica-japonica cross 
(Yamagishi et al, 2002). Many reports have provided evidence for a very complicated genetic 
basis of yield traits, which are affected simultaneously by QTL, epistasis, and environment (Xing 
et al, 2002, Zhuang et al, 2002). These QTLs detected were distributed throughout all rice 
chromosomes and created a firm basis to investigate the genetic control of grain number. 
However, QTL cloning projects for grain yield components were rarely reported. 
A great deal of work in the recent past, concentrated on the utilization of wild rice species 
for quantitative traits such as yield and its components. In the first ever report on the use of wild 
species for introgression of quantitative characters, two yield QTLs, on chromosome 1 and 2, 
each of which is capable of mcreasing yield by about 18% have been identified in a Malaysian 
accession of O. rufipogon (Xiao et al, 1996, 1998). This was a precursor to many studies 
resulting in the identification of numerous QTLs pertaining to grain yield. QTLs for grain 
number in rice were mapped based on RFLP maps from two indicalindica F2 populations (Lin et 
al„, 1996). Two QTLs on chromosome 1 and 2 were detected in this study, which individually 
explained 17.2% and 9.68% of phenotypic variance. The genetic basis for grain number per 
panicle was investigated using RFLP markers and F4 progeny testing from a cross between rice 
subspecies ya/?on/ca (cultivar Lemont) and indica (cv. Teqing) (Li et al, 1997). This study 
investigates the role of epistasis in the genetic control of grain number. Epitasis is an important 
genetic basis for complex traits especially a trait of low heritability like grain number. Six QTLs 
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were mapped to chromosomes 1, 3, 4, 8, and 10, collectively accounting for 37.8% of the 
genotype variance. 
Ashikari et al, (2005) have identified a QTL for grain nimiber that regulates grain 
productivity in rice. This QTL, Gnla, located on chromosome 1, was cloned by producing nearly 
isogenic lines (NILs) carrying only the target QTL to eliminate effects of other QTLs. Molecular 
analysis revealed that this QTL encodes OsCKX2, an active enzyme cytokinin 
oxidase/dehydrogenase, which degrades the phyto hormone cytokinin. 
Deshmiikh et al., (2010) have used QTL mapping and transcriptome profiling approach 
to identify candidate gens for grain number. qGN4-l was identified as a major QTL on long arm 
of chromosome 4, with a major effect on grain number. Microarray transcriptome profiling 
revealed eight genes in the region differentially expressed between the parents during the panicle 
development stage. 
Marathi et al., (2012), identified twelve QTLs on seven chromosomes of rice were 
identified for spikelets per panicle across three locations. A QTL on chromosome qSPP4-l, at 
marker interval of RM3276-RM5709 expressed across three locations was identified at LOD 
value range of 5.71-13.84 explaining 9-16% phenotypic variance. Pusal266 contributed 20.14-
28.61 spikelets at this locus. A QTL qSPP7-2 was identified with a LOD value range of 3.93-
6.25 explaining 7-9% of phenotypic variance by Pusal266 allele with additive effect of 17.07-
19.39 spikelets per panicle. 
QTLs for filled grains per panicle 
Rice grain yield in mainly determined by three yield components, panicles per plant, 
grain weight and grain number. Of rice grain yield components, grain number showed the largest 
range of variation and was major objective in rice breeding. Rice grain number in quantitatively 
inherited and a great deal of quantitative trait locus mapping for grain number have been 
conducted using various mapping populations. 
Two QTLs were detected for grains per panicle by evaluating a doubled haploid 
population derived from 1R64 and Azucena in three environments. The loci gn4 increased 
number of grains per panicle whereas gn-6 had negative additive effects and both QTLs are 
detected in three enviroiunents (Lu ef a/., 1996). 
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Eleven agronomic traits including filled grain per panicle were studied in BC2F2 families 
of BG 90-2 (O. sativa) and RS-16 (O. glumaepatula) and 16 QTLs were identified on seven 
chromosomes, explained a range of 12-42% of phenotypic variation. Specific marked regions 
associated with more than one trait were observed in chromosome 1 (RM 1) for spikelets per 
panicle, grain yield per plant and filled grains per panicle (Brondani et al., 2002). 
Guo et al., (2005) investigated genomic regions affecting yield and yield component 
traits by usmg a population of 241 recombinant inbred lines developed fi-om Zhenshan 97 and 
Minghui 63. Two QTLs were detected by using unconditional mapping. One QTL was located 
on chromosome 3 with negative effect allele from Zhenshan97 and another was located on 
chromosome 10 with positive allele of Minghui63. Four QTLs were detected by conditional 
mapping explaining 36% of total phenotypic variation. 
A set of 159 introgression lines carrying Chinese common wild rice O. rufipogon in the 
backgroimd of indica cultivar Guichao2 were developed and evaluated in two locations to 
precisely map quantitative trait loci governing yield related traits. Three QTLs were identified 
on chromosome 7, 8, 9 at both locations. A QTL on chromosome 8, qFG8, explained 25% of 
phenotypic variation in one of the locations with an additive effect of 20.9 (Tian et al., 2006). 
Marathi et al, (2012), identified a QTL qFGP4-2 at marker interval RM3276-RM5709 
expressed across three locations was identified with LOD values 7.71-15.27 explaining 12.22% 
of phenotypic variance. Pusal266 allele contributed increased additive effect of 18.07-23.82 
filled grains per panicle at this loci, using and indica xjaponica cross. 
QTLs for Number of panicles per plant 
Panicle number (PN) is an important character for grain production, and it is one of the 
main determinants of grain yield in rice (Counce et al., 1992). Genetic studies using mutant 
materials confirmed that the panicle mmiber in rice could be controlled by single gene (Li et al, 
2003). Most studies by using traditional and molecular genetic analysis reported that rice panicle 
number is influenced by multiple quantitative trait loci (Li et al, 1997). 
An F2 and two equivalent F3 populations were constructed with Tesanai / CB and grown 
in different environments to detect quantitative trait loci of panicle nimiber. One QTL on 
chromosome 4 was detected in F2 and IRF3 trial with LOD scores of 9.68 and 3.00 respectively, 
whereas npl on chromosome 1 and np2 on chromosome 2 were detected in the IRF3 tiial and F2 
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trial with LOD scores of 2.43 and 3.62 respectively. No QTL for NP was detected in CNF3 trial 
(Zhuang etal.. 1997). 
Five main effect QTLs for panicle number were identified in a BC2F2 population 
developed fi-om IR64 / O.ntfipogon, on chromosome 1, 2, 11 and % of variance is ranged from 
4-18%. At one QTL pp 1.2-1, the wild alleles increased the number of panicles per plant 
(Septiningsih et al, 2003). 
A set of 159 introgression lines carrying variant introgressed segments from Chinese 
common wild rice O.rufipogon in the background of indica cultivar Guichao 2 were used for 
QTL mapping of panicle nimiber. Two QTLs were found on chromosome 1 and 2 with 
phenotypic variance of 6 and 14%. The alleles from wild rice at both loci conferred a positive 
effect (Tian et al, 2006). 
A novel population consisting of 35 single segment substitution lines (SSSLs) originating 
from crosses between the recipient parent, Hua-Jing-Xian 74 (HJx-74) and 17 donor parents was 
evaluated in six cropping seasons to reveal the genetic main effect and genotype by environment 
interaction effect for panicle number. A total of 8 QTLs were detected on 9 and 12 rice 
chromosomes. Single QTL effect was ranged from -1.5 to 1.2. Two QTLs {Pn-lb and Pn-6d) 
expressed stably across environment (Liu et al., 2008). 
Recently, Marathi et al, (2012), identified four QTLs for number of panicles per plant on 
three chromosomes using an indica xjaponica cross. QTL qPPP4-2, was expressed across three 
locations with LOD value range of 3.3-3.98 explaining 7-16% phenotypic variance. At both loci 
Jaya contributed increased effect in the range of 0.6-1.21 number of panicles per plant. 
QTLs for Spikelet setting density 
Very few studies were reported on QTLs influencing spikelet setting densit>' in rice. Lin 
et al, (1996) identified one QTL for spikelet density on chromosome 8 at marker interval of 
RZ562-RG978 with LOD value of 3.73 in Tesani2/CB F2 population which explained 10.9% of 
phenotypic variation of the trait with additive effect of 11.29 spikelets per 10 cm length of 
panicle. In another F2 population, developed from Waiyin2/CB, two QTLs identified on 
chromosome 2 and 6 LOD values of 3.13 and 5.15 respectively. Waiyan2 allele contributed 
12.3% phenotypic variation of at Qsd2, whereas CB explained 13.3% of phenotypic variation at 
Qsd6. 
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Three QTLs for spikelet setting density were detected on chromosome 3, 4 and 10 in a 
recombinant inbred population developed from 9024 and LH422. QTL ssd4 has a phenotypic 
effect of 0.81, which explained 21.1% phenotypic variation, whereas ssd3 has explained 9.7% 
phenotypic variance (Xiao et ai, 1996). 
Ten regions on five chromosomes were significantly associated with spikelet setting 
density in a RIL population derived from an indica xjaponica cross (Marathi et ai, 2012). QTL 
on chromosome 4 qSSD4-2 expressing across three locations was identified with LOD values 
7.99-16.26 explaining 13-19% of phenotypic variance. Two more QTLs qSSDl-1 and qSSD3-3 
expressing across three locations were identified with LOD values 3.37-4.39 and 2.81-5.11 
explaining 4-7% and 13-21% phenotypic variance, respectively. 
2.6: Fine mapping of QTLs for yield and yield related traits 
Fine mapping of QTL sfrengthen the utility of linked markers for ftuther dissection and 
manipulation of quantitative traits. This make easy to separate tightly linked undesirable traits 
form valuable frait while transferring from wild species to domestic strains. Assigning a QTL to 
a small interval, on a single yeast artificial chromosome (Goulson et ai. 1988), would be a major 
step toward cloning the genetic factor(s) lying at the QTL. Consequently, identification of smedl 
target regions for physical manipulation of QTLs may extend the reach of molecular biology to 
individual effect of gene. 
In fine mapping of a QTL, genetic background noise should be avoided. Hence, QTL 
analysis in advanced populations is necessary for a good understanding of their characteristics. 
Following the primary mapping, advanced populations such as near isogenic lines (NIL) and 
chromosome segment substitution lines (CSSL) can be used to fine map QTL to a locus as a 
Mendalian factor by minimizing the genetic background noise (Zhang et ai, 2006, Wang et al, 
2006). 
There are three strategies for QTL-NILs construction. Consecutive backcrossing (CB-
NILs) combined with marker aided selection (MAS) is the conventional method and has been 
widely used for fine mapping (Yamamoto et ai, 1998, 2000, Li et ai, 2004, Fan et ai, 2006). 
However, this method is time consuming and, usually takes 3 years to perform in rice. The 
alternative method is to search directly for NILs according to trait performance (TP-NILs) in 
advanced recombinant inbred lines (RILs) (Zhang et ai, 2006). Compared with CB-NILs 
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development, TP-NILs development is faster. In most cases, however, TP-NILs is effective for 
only major QTL because variation of the trait controlled by major QTL is easily observed. The 
third strategy for NILs development is the heterogeneous inbred family (HIF-NILs) method 
(Tuinstra et al., 1997), which is based on molecular marker screening for a small heterozygous 
genomic region. HIF-NILs' development is effective for the target QTL whether it is a major or 
minor QTL. 
Tian et al, (2006) reported fine mapping ofgpa? and constructed a high-resolution map 
using the flanking markers. Mapping was done on 1,966 F2 plants derived from the cross 
between SIL040 and Guichao 2. By two-step substitution mapping, gpa7 was finally narrowed 
down to a 35-kb region that contains five predicted genes in cultivated rice. 
Xing et al., (2008) reported fine mapping of a QTL qSPP7, affecting niraiber of spikelet 
per panicle to a 0.4 cM region between SSR marker RM3859 and RPLP marker C39 based on 
tests of the BC2F2 population and its progeny. 
Liu et al., (2009) fine mapped a major QTL (SPPl) for grain length using HIF-NILs by 
self pollinating the heterozygous plants which produces NIL-F2. Bai et al., (2010) and Shao et 
al., (2010) fine mapped two minor QTLs, qGL7md qGL7-2 to 258 kb and 278 kb region for 
grain length using the consecutive backcrossing strategy and heterogeneous inbred family 
method respectively. 
Zhu et al, (2010) identified the genes controlling panicle number will play a vital role in 
high-yield rice breeding. qPNl, a major QTL locating on the long arm of chromosome 1, was 
fine mapped using a total of 1,429 recessive individuals fi-om F2 and F3 generations by crossing 
C3074 and Guangluai 4, to a 34.4-kb region containing six annotated genes according to 
available sequence annotation databases. 
Qiao et al, (2011) reported fine mapping of DEP3 kb to 73 kb region, controlling grain 
number in rice on chromosome 6, using a F2 population comprising of 887 individuals. The 
DEP3 gene was identified as the candidate via a map-based cloning approach and was predicted 
to encode a patatin-like phospholipase A2 (PLA2) super family domain-containing protein. The 
mutant allele gene carried a 408 bp genomic deletion within LOC_Os06g46350, which included 
the last 47 bp coding region of the third exon and the first 361 bp of the 3'-xmtranslated region. 
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Zhang et al, (2011) identified a natural mutant, gnp4, lack of lateral spikelet on the 
secondary branches in the field condition. In addition, the Gnp4 and Laxl-1 double mutant 
showed dramatically reduced secondary branches and spikelets in panicle at reproductive stage, 
and tillers at vegetative stage. By map-based cloning approach, and using four F2 segregating 
populations, the Gnp4 gene was finally mapped to a 10.7-kb region on the long arm of 
chromosome 4 in rice. Also reported methylation level of several cytosines in the promoter CpG 
islands region of the predicted gene in gnp4 was different fi"om the wild type. Thus, we propose 
that the DNA methylation changes at these sites may induce to decrease expression level of 
Gnp4, consequently, resulting in phenotypic variation. 
Wang et al, (2011) fine mapped a QTL, qFLl for flag leaf size in a set of backcross 
recombinant inbred lines (BC2F3 and BC3F2) derived fi-om two elite parental lines (Zhenshan 
97 and 93-11) in multiple environments. Using a large segregating population, the region was 
narrowed to a 31 kb region containing four predicted genes. Expression of one of these genes, 
OsFTLl, differed between leaves in near-isogenic lines carrying alleles of Zhenshan 97 and 93-
11. qFLI had a pleiotropic effect on flag leaf size and yield-related traits. Conditional QTL 
analysis of the derived population (BC3F2) supports the assertion that qFLl is the QTL for flag 
leaf length and exhibits pleiotropy. Pyramiding of qFLl with two known genes (GS3 and Wx) 
fi-om 93-11 into Zhenshan 97 enlarged flag leaves, improved grain size and amylose content, and 
increased yield per plant, but slightly delayed heading date. 
A list of a large number of genes of agronomic importance has been mapped and many 
genes/QTLs have been eventually cloned. List of some major genes and quantitative trait loci 
(QTL) associated with the yield and yield related components with DNA markers have been 
listed below (Table 2.3). 
Recent progress in plant genome analysis has made it possible to examine the molecular 
basis of naturally occurring allelic variation underlying complex traits. Map-based or positional 
cloning has been successfiil in isolating genes underlying QTLs in several plant species, 
including rice (Ashikari et al., 2005, Yano et al., 2000, Song et al., 2007), wheat (Yan et al., 
2004), tomato (Frary et al, 2000) and tobacco (Liu et al, 2002). 
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Table 2.3: List of some major genes/QTLs validated and cloned for yield and its component 




















































































































































































































Liu et aL, 2009 
Zhang e/a/.„2009 
Zhang e^a/.„ 2009 
Zhang era/.„2009 
Imai et a/.„2009 
Tian et aL, 2006 
Shaoe/a/., 2010 
Xie et aL. 2006 
Liu et aL, 2009 
Luoetal.2008 
Shan et aL, 2009 
Bai etaL, 2010 
Xie e/a/., 2008 
He etaL. 2006 
Ashikari et aL, 2005 




Huang et aL, 2009 
Wang et aL, 2008 
Qiao e/a/., 2010 
She etaL, 2010 
Piaoefa/., 2009 
Zha et aL, 2009 
Li etaL, 2003 
Jin et aL, 2008 
Tan e^/., 2008 
JiaoetaL, 2010 
Mima etaL, 2010 
Song e/a/., 2007 
Fan e< a/., 2006 
Kitagawaetal.2010 
Lie/a/., 2011 
Shomura et aL, 2008, 
Weng et aL, 2008 
ZhuetaL, 2010, 




Li et aL, 2009 
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2.7: Combining QTL mapping and candidate gene analysis 
Fine mapping within the QTL can reduce the number of candidate genes to the hundreds. 
Even after fine mapping, however, one may be left more candidates because of expensive and 
time-consuming validation process. There is a need for yet another experimental step in the 
march fi-om QTL to gene, to bridge the gap between fine mapping, which yields hundreds of 
genes, and validation studies, which can be applied to at most tens of genes. Experimental 
techniques to systematically reduce the list of putative loci by controlling type I and type II error 
is needed. A method of quantitative expression could be used to bring the number of genes to be 
validated to a reasonable size. Quantitative expression studies, such as microarray technology, 
can reveal regulatory variation in genes for complex traits, including traits for which a priori 
candidates do not exist. Array analysis alone would reveal interesting variation between lines of 
organisms, but would not link the variation to a particular phenotype. By combining QTL 
mapping and fine mapping with arraying, one can identify positional candidate genes for a 
phenotype of interest whose expression varies between parental lines. 
For the first time, Aitman et ai, (1999) showed that the Cd36 gene was a major QTL 
controlling insulin action and fatty acid metabolism in the hypertensive rat by using combined 
approach of mapping and transcriptome profiling. Combining the use of cDNA microarrays with 
the study of a congenic strain and positional data fi"om genetic linkage studies, they successfiiUy 
identified a gene Cd36 that showed significant down regulation in SHR compared with BN or 
SHR.4 strains and maps close to the peak of linkage in SHR QTLs on Chromosome. Deshmukh 
et ai, (2010) have used QTL mapping and transcriptome profiling approach to identify candidate 
gens for grain number. qGN4-l was identified as a major QTL on long ann of chromosome 4, 
with a major effect on grain nimiber. Microarray transcriptome profiling revealed eight genes in 
the region differentially expressed between the parents during the panicle development stage. 
2.8: Cloning of QTLs 
Many important agronomic traits including heading date, plant height, grain yield, quality 
and stress tolerance show continuous phenotypic variation that is usually governed by a number 
of QTL genes (Yano et al, 2001). The International Rice Genome Sequencing Project has 
provided useful tools and information that have greatly facilitated the analysis of important 
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agronomic traits of rice, including grain yield, using such information and tools, rice researchers 
have identified several genes. 
The major factor that made the green revolution possible was the introduction of semi 
dwarf cultivars of wheat and rice. The two Green Revolution genes, Reduced height (Rhtl) of 
wheat and semidwarf (Sdl) of rice were cloned and characterized (Peng et al, 1999, Sasaki et 
al, 2002). Rhtl and Sdl are involved in gibberellins (GA) signaling and biosynthesis 
respectively. 
Rice tillers form as branches on the short basal intemodes of main culm or on primary or 
higher order tillers. Each tiller has the ability to generate a panicle, but tillers that develop late 
fill grains incompletely, thus increasing straw biomass only. It is necessary to regulate number of 
tillers to maximize yield potential. 
During the past decade, many attempts have been made to characterize quantitative traits 
loci for grain number. Recently, Gnl, a QTL that increases grain number in rice, has been 
identified on short arm of chromosome 1. Gnl has two loci Gnla and Gnlb. Gnl a encodes a 
cytokinin oxidase/dehydrogenase (0SCKX2). The expression of 0SCKX2 in inflorescence 
meristems regulates cytokinin level, thus controls number of flowers (Ashikari et al, 2005). 
A QTL affecting grains per panicle, plant height and heading date was detected in the 
marker interval of R1440 and C1023 on chromosome 7 in F2:3 and RIL population derived from 
Zhenshan97 and Minghui63. NILs were developed by backcrossing a RIL containing the 
chromosome segment of R1440-C1023 fi-om Minghui63 and 74% background of Zhenshan97 
with Zhenshan97. Through fine mapping Ghd7 locus was tagged with RM5436 and C39, thus to 
DNA fragment of 2,284 kb which contains 480 predicted genes. By using map based cloning 
they found that Ghd7 is encoding a CCT domain protein, has major effect on number of 
grains/panicle, plant height and heading date. Enhanced expression of Ghd7 under long day 
conditions delays heading and increases plant height and panicle size (Xue et al, 2008). 
Grain size is a major target of breeding as component of grain yield. Many QTLs for 
grain weight have been detected. GS3, located on the pericentromeric region of chromosome 3, 
is a major QTL for grain length and weight. It encodes a transmembrane protein containing 
Phosphatidyl Ethanol amine-Binding Protein (PEBP)-like domain, an extracellular Von 
Willebrand Factor type C (VWFC) module and a Tumor Necrosis Factor Receptor 
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(TNFR)/Nerve Growth Factor Receptor (NGFR) family cysteine-rich domain. GS3 negatively 
regulates grain size in agreement with the recessive nature of long grain size in agreement with 
the rec^sive nature of long grain size (Fan et al, 2006). 
The loss of the seed shattering trait was a key yield related event during rice 
domestication. Two major QTLs for seed shattering {sh4 and qSHl) were cloned to date. sh4 was 
detected in the F2 population derived from a cross between cultivated rice (O. sativsi) and wild 
rice (O. rufipogon) and explained 69 % of the total phenotypic variance (Li et al, 2006). qSHl 
was detected in the F2 population derived from a cross between Nipponbare ijaponica) and 
Kasalath {indicd) and explained 68.6% of the total phenotypic variance(Komshi et al., 2006). 
Yan et al, (2011) based on the TP-NILs, cloned a major QTL Ghd8 controlling the 
heading date, plant height and grain number. 
2.9: QTLs for practical use 
Once the genes controlling traits with economical and agricultural interest have been 
identified, there will be opportunities to utilize the resulting information such as the DNA 
sequence and chromosomal location of these genes in breeding programs. When direct 
phenotypic evaluation is not possible, or too expensive or only possible late in the development, 
moleculeir marker can be used to assess the presence of introgressed gene (foreground selection) 
(Tanksley, 1983). Markers could also be used to accelerate the recovery of the recipient parent 
genome at other loci (background selection) (Hillel et al., 1990). The use of molecular marker 
for background selection in backcross programs has been tested experimentally and proved to be 
very efficient (Ragot et al., 1995). The constraints on efficient utilization of QTL mapping 
information in plant breeding through MAS are identification of limited number major QTLs 
controlling specific traits, experimental deficiencies in QTL analysis leading to either under or 
over estimation of effect of QTLs, lack of universally valid QTL-marker association applicable 
over different sets of breeding materials, strong QTL-environment intervention and difficulty in 
precise estimation of epistatic effects (Babu et al, 2004). 
To accelerate the effectiveness of MAS, the precise map location of target QTL must be 
determined and several flanking markers developed. MAS also offer a new concept in plant 
breeding. Once NILs representing a particular trait of economic value are independently 
developed, gene pyramiding can be performed by simple crossing between such NILs (Ashikari 
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and Matsuoka, 2006). Several examples have already been reported for the development of NILs 
with particular traits in elite rice varieties. For example, submergence by deep water causes 
severe stress to rice in south-east Asia, where flooding occurs during the monsoon season. A 
major QTL, Submergence 1 (Subl), was detected near the centromere of chromosome 9 and was 
eventually cloned (Xu and Mackill, 1996, Xu et al.„ 2000). When the Subl A allele was 
introgressed by MAS into an elite cultivar widely grown in Asia, the resultant lines showed 
promising agronomic performance in yield and other agronomic traits, as well as tolerance to 
submergence (Neeraja et al, 2007). Heading date is an example where a series of NILs with 
different heading dates were developed in the genetic background of an elite cultivar, 
'Koshihikari', in Japan (Takeuchi et al, 2006). In these cases, relatively small chromosome 
segments (-600 kb) were introduced by MAS. In order to develop a new line with lodging 
resistance and high yield, the combination of two genes controlling the characteristics, 'semi-
dwarf and 'number of grain' was successfixlly introduced into 'Koshihikari' (Ashikari et al., 
2005). This concept can also be applied to multiple genes controlling specific traits. 
Most of the QTLs described in Table 2.4, have been cloned from progeny derived from a 
cross between japonica and indica subspecies, because the intersubspecific diversity is 
significantly larger than is the intrasubspecific diversity, this makes it easy to produce molecular 
markers in the regions of interest in the rice genome. 
2.10: The New Plant Type 
Existing varieties of rice have reached a probable yield limit and one of the few means of 
surpassing their performance is to create an altogether new plant. The ideotype approach has 
been used in many breeding programs to improve rice yield potential. Donald (1968) defined 
"crop ideotype" as an idealized plant type with a specific combination of characteristics 
favorable for photosynthesis, growth and grain production based on the knowledge of plant and 
crop physiology and morphology. 
The new plant type (NPT), first developed by IRRI, (Khush, 1995) is supposed to 
increase rice yields by 20%. The potential yield of the new plant type is about 12.5 tonnes per 
hectare, as compared to 10 tonnes per hectare for existing high-yielding varieties. It was created 
by drastically changing the structure of the rice plant. 
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Table 2.4: List of rice genes 
(Miuraera/L,2011) 
responsible for major QTLs involved in agronomic traits 
Traits 
Grain number 
Grain number and 
strong culm 
Grain number 
Grain number, low 
tiller number and 
strong culm 
Grain size 







Grain number, plant 
height and heading 
date 






































Cell wall invertase 
CONSTANS-like 
protein 





CCT domain protein 










Nature of allele suitable 
for use in breeding 
programs 
Low expression 
Loss of function 
High expression 
Higih and ectopic 
expression 
Loss of function 
Loss of function 
Loss of function 
Restricted expression 
in the ovular vascular 
trace 
Loss-of-fimction allele 
leadsto late heading 
Loss-of-function allele 
leads to early heading 
Low expressionleads to 
late heading 
Loss-of-fimction allele 
leads to late heading 
Functional allele 
Functional allele 
Loss of function 
High expression 
Loss of function 
Low expression in 
abscission layer between 
pedicel and spikelet 
Loss of function 
Reference 
Ashikari, M. et al. 
(2005) 
Huan,X. era/. (2009) 
Miura, K. et al. (2010) 
Jiao,Y.e/a/. (2010) 
Fan, C. eM/. (2006) 
Song, X.J. et al. 
(2007) 
Shomura, A. et al. 
(2008) 
Weng, J.F. et al. 
(2008) 
Wang, E.e/a/. (2008) 
Yano,M.e/a/. (2000) 
Takahashi, Y. et al. 
(2001) 
Kojima, S. et al. 
(2002) 
Izawa, T. et al. (2002) 
Tamaki, S. (2007) 
Doi,K.eM/. (2004) 
Xue, W. eM/. (2008) 
Wei, X. (2010) 
Sasaki, A. et al. 
(2002) 
Ookawa, T. et al. 
(2010) 
Li, C. et al. (2006) 
Konishi, S. et al. 
(2006) 
Tan, L. et al. (2008) 
Jin, J. et al. (2008) 
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The stems were shortened and the leaves made stiff m order to create a rice breed which 
would convert sunlight into filled grains more effectively than the traditional rice breed.The old 
plant had 50% grain and 50% straw, the hfPT rice plant is 60% grain and only 40% straw. This 
enables more energy to go into grain production, less into building and maintaining the stalk, and 
mcreases yield by a potential of 20%. The NPT Rice also has a vigorous root system to draw 
more water from the ground. Most current high yielding rice yields about 100 grains per panicle. 
A NPT rice prototype that can yield 200-250 grains per panicle can adequately supply enough 
carbohydrates and nutrients to fill the grains. This is twice as productive as older plant types. 
Rice plant usually grows as a bunch of 25-30 tillers, and contains about 15 panicles. The 
panicles bear the flowers and grain. Since one third or more of the tillers often do not end up 
producing any grain, their numbers have been reduced to 10-15. This will lead to reduced 
diameter of the rice plant, thus enabling farmers to plant more rice plants in their fields. The 
fewer tillers that remain are sturdier and do not easily lodge when fertilizers are applied on them, 
enabling higher nutrient intake. Besides this, the new plant type also has thicker, more upward-
angling leaves, enabling it to trap more sunlight, thus accelerating the rate of photosynthesis. In 
addition to this it has 100 to 130 days growth duration, and increased harvest index (Peng et at., 
1994). The use of high-yield NPT varieties will allow farmers to produce more rice using less 
land and water. However, a major limitation is that the grain quality of these varieties needs 
improvement. 
2.11: Scope of the present research work 
Although, thousands of QTLs have been identified for different quality and yield related 
traits only few of them has been fine mapped and cloned in rice. The present study aimed to see 
the allelic diversity of the genes involved in starch biosynthetic pathway in a set of diverse 
germplasm lines and fine moping of the QTL (qSPP4-l) for yield and yield contributing traits 
using a F2 mapping population developed from NPT derived recombinant inbred lines. 
The information regarding allelic variation at Wx locus in Indian rice germplasm is 
lacking. Therefore, in the present study an attempt was made to look at the allelic diversity at the 
Wx locus in Indian rice germplasm. In order to study the allelic variation at Wx locus, validation 
of six different gene based CAPS and dCAPS markers in a set of 96 diverse Indian rice 
germplasm lines showing variation for amylose content and alkali spreading value was 
undertaken. These SNP markers can be used for the fast and cost-effective genetic 
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characterization of diverse rice germplasm and can also be utilized for marker-assisted 
selections, linkage, and association studies in rice. 
Taking advantage of experience shared in several research publicationsFa population was 
used for fine mapping as such immortal population can provide power to replicate experiment 
over the environments for the better analysis of parameters such as gene expression, phenotypic 
and genetic correlations and heritability of yield and related components. The main problem with 
transient mapping populations like F2 or backcross lines in rice is that replicated study is not 
possible. In present study, QTL cartographer software was used for QTL analysis which has 
advantages over the previously popular software like MAPMAKER. Cartographer provides 
proper threshold level to claim presence of QTL by using random seeding method with used 
defined permutations. In addition, anchored SSR markers were used develop linkage m ^ which 
facilities proper localization of QTL on physical map of rice. 
This is not easy to fish out candidate gene even after localization of QTL on physical 
map. Since QTL intervals are generally too large containing hundreds if not thousands of genes. 
Fine mapping of the can reduce the number of candidate genes to below hundred, but still it is 
difficult to pinpoint the causal gene(s) responsible for the desirable phenotype. 
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Matmiab andMeihed^ 
CHAPTER 3 MA TERIALS AND METHODS 
The present research was carried out at the Division of Genetics, Indian Agricultural 
Research histitute, New Delhi. The study consisted of two major objectives and methods & 
materials are described as per the objective wise. 
Objective 3.1: Phenotyping, validation of gene based markers and allelic diversity for 
starch related properties in rice (amylose content and alkali spreading value). 
Objective 3.2: Development, phenotypic and molecular characterization of F2 derived 
population for fine mapping of a major QTL (qSPP4-l) for yield components in NPT derived 
population in rice. 
3.1: Phenotyping, validation of gene based marlcers and allelic diversity for starch related 
properties in rice 
The present study comprised of analysis of two of the important quality traits of rice 
namely amylose content and alkali spreading value (ASV) which is an alternative but easy 
method that assesses gelatinization temperature. 
3.1.1: Plant material 
A set of 96 diverse rice germplasm lines, including subgroup indica and Japonica, were 
used for the diversity study (Appendix I). Pusa Basmati 1121 and Taipae 309 were included as 
checks with 24%, and 11% amylose content. 
3.1.2: Evaluation for quality traits 
Amylose content and alkali spreading value was evaluated using the standard protocols as 
given by Juliano (1971) and Little et al, (1958) respectively. 
Amylose Content 
The procedure of Juliano (1971) was employed for the estimation of amylase content. 
Thirty milled and polished grains were ground to a fine powder with mortar and pestle and 
sieved through a 0.40 mm screen. Fifty milligrams of milled ground rice were weighed careftilly 
and transferred to sample culture tubes (Borosil, 50ml). 0.5ml absolute ethanol was added to 
each sample and was agitated gently for 5 minutes. To the samples, 5ml of IN NaOH (40g 
NaOH pellets dissolved in 500ml double distilled water and the volume made up to 1000ml) was 
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added and were covered with alumimim foil and allowed to stand at room temperature overnight. 
Further 44.5 ml of distilled, deionized water was added to samples and mixed well. 
For each set of sample run, 2.5 ml of the extract was taken into a fresh culture tube, to 
this 20ml distilled, deionized water and three drops of 0.1% phenolphthalein indicator (0.1 gm 
phenolphthalein in 100ml distilled ethanol) pink color in alkaline medium were added and the 
contents were mixed well. The contents were neutralized by adding O.IN HCl drop by drop until 
the pink color just disappeared. After the end point was reached, 1ml iodine reagent (one gm 
iodine and lOgm potassium iodide were dissolved in water and volume was made up to 500ml) 
was added and volume was made up to 50ml and the absorbance was read at 590 rim in the 
spectrophotometer (Molecular devices). 
For the standard curve, lOOmg standard potato amylose (Sigma chemicals Co.) was 
dissolved in 10ml of IN NaOH and volume was made up to 100ml with distilled, deionized 
water (lOOOng/ml). 0, 100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 ^1 of solution 
containing 0, 2, 4, 6, 8, 10, 12, 14, 16 and 18 jig/'ml amylose were placed with pipette in the 
culture tube and the samples were treated as above. The absorbance was plotted against the 
concentration of amylase (^g/ml) (Fig. 3.4). The conversion factor for amylose estimation was 
used as follows: 
% amylose (w/w) in the rice flour = A x dilution factor x 2 x extract volume /1000 
= Ax 20x50x2/1000 
= A x 2 
where 'A' is the amount of amylase in }ig/ml based on O.D. 
Alkali Spreading Score 
The method of Little et ai, (1958) was used for conducting the alkali spreading test. Five 
milled rice grains from germplasm line were immersed in freshly prepared 1.7 percent potassium 
hydroxide solution (17 gm KOH pellet dissolved in 500ml double distilled water and the volume 
made up to 1000ml) and incubated at 30°C for 23 hours. Grains were carefully separated using 
forceps, and the spreading value of the grains was scored by visual assessment using the method 
of Jeimings et. al.„ 1979. Alkali spreading score is known to be inversely related to the 
temperature at which gelatinization of rice starch occurs (Lanceras et al, 2000). 
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3.1.3: Validation of gene based markers and allelic diversity 
3.13.1: Plant DNA Extraction 
DNA was isolated by CTAB (Cetyl-Tetra Methyl Ammonium Bromide) method (Murray 
and Thompson, 1980). 
Reagents: 
1. IM Tris-Cl (pH 8.0): 
12 Ig Tris-Cl base was dissolved in 800 ml double distilled H2O, and pH was adjusted using 
concentrated HCl to 8.0, volume was made up to 1000ml and then solution was autoclaved. 
2. 0.5 M EDTA (pH 8.0): 
186 g di-sodium salt of EDTA was dissolved in 800 ml double distilled H2O, and pH was 
adjusted to 8.0 using NaOH pellets, volume was made up to 1000ml and then autoclaved. 
3.5M NaCl: 
292.2 g of NaCl was dissolved in 800 ml double distilled H2O, volume was adjusted to 1000 
ml and then autoclaved. 
4. DNA extraction buffer (100 ml working solution): 
10.0 ml (lOOmM) 






IM Tris-Cl (pH 8.0) 




5.3M Sodium Acetate pH 5.2 
6. RNase A (lOmg/ml): 
10 mg RNase A was dissolved in 1 ml Autoclaved double distilled H2O, vortexed well and 
then kept in water bath at 100°C for 10-15 minutes, cool down and store at -20 ° C. 
7. Chloroform Isoamyl alcohol (CI) mixture: 
Ready-made Chlorophorm Isoamyl alcohol (24:1) v/v was obtained from Amresco company. 
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8. Chlorophorm: (24:1): 
Freshly prepared by mixing 96inl Chlorophorm and 4ml Isoamyl alcohol 
9. Tris-EDTA bufferlO:l(TE): 
Tris (lOmM): EDTA (ImM) buffer was prepared in 100 ml as follows: 
ImM Tris-Cl, pH 8.0 1 ml 
0.5M EDTA pH 8.0 0.2 ml 
Autoclaved double distilled H2O 98.8 ml 
10. EtBr Stock Solution (lOmg/ml) 
10 mg ethidium bromide was dissolved in 1 ml double distilled H2O. 
3.1.3.2: DNA isolation protocol 
The DNA was extracted from the parental lines along with 2994 F2 individuals by 
standard CTAB (Cetyl- Tri Methyl Ammonium Bromide) method with some minor 
modifications (Murray and Thompson, 1980). Fresh healthy and young leaf tissue (Ig) of 15 day 
old seedlings were harvested and stored in -80°C until used for DNA extraction. The leaf 
samples were groimd to fine powder in liquid nitrogen using sterile, pre-cooled mortars and 
pestles. The powder was transferred to a 50 ml polypropylene centrifiige tube containing 10ml of 
pre-warmed (65°C) DNA extraction buffer. Suspension was incubated at 65°C for 30 minutes 
with intermittent sheiking at 5 minutes interval, after which equal volume of chloroform: isoamyl 
alcohol (24:1) was added and mixed by gentle inversion for 5 minutes. The content was then 
centrifiiged at 10000 rpm for 10 minutes at room temperature. The aqueous phase was 
transferred to a fresh centrifiige tube with a wide bore tips to avoid DNA shearing. Then, chilled 
isopropanol 0.6 volume of the content in tube was added followed by quick and gentle inversion 
and incubated at -20 °C for 1 hour. Further centrifiigation was done for the supernatant at 10,000 
rpm for 10 minutes. The DNA pellet was washed twice with 70% ethanol, and kept overnight at 
room temperature, and dissolved in 500 |xl TE buffer (pH 8.0). 
The crude DNA dissolved in TE buffer was transferred to 1.5 ml micro centrifuge tube. 
Then, the DNA was purified by adding RNase (lOmg/ml) to the sample at the rate of 1 jxl/lOO ul 
of crude DNA, and was mixed gently by inversion. Mixture was incubated in a water-bath for 
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Ihoxir at 3>TC with intermittent mixing. Equal volxime of Phenol Chloroform Isoamyl solution 
was added to the mixture, mixed gently by inverting for about 5 minutes. Mixture was then 
centrifuged at 10000 rpm for 10 minutes and the aqueous phase was taken out in a new 1.5 ml 
eppendorf tube. Equal volume of Chloroform: isoamyl alcohol 24:1 was added to the aqueous 
phase, mixed gently for 5 minutes and again centrifuged at 10000 rpm, after which 1/10* volume 
of 3M Na-acetate (pH5.2) was added to the collected aqueous phase in a new tube, mixed well 
and gently, and then 2 volumes of chilled ethanol was added to the mixture, mixed gently and 
incubated at -20°C for 2 h, centrifuged for 5 minutes at 10000 rpm. The supernatant was 
discarded and pellet washed twice with chilled 70% ethanol. Pellets was dried properly 
(overnight air drying) and dissolved in lOOfil TE buffer (pH 8.0). 
DNA was quantified using gel quantification method, in which the samples were loaded 
on 0.8% agarose gel in 0.5 x TAE buffer and using diluted X genomic DNA as standard. The 
intensity of individual samples was compared with a range of known amount of X DNA (25, 50, 
75 and 100 ng). According to the concentration of DNA, samples were diluted, and again loaded 
on 0.8% gels till all of the samples finally reached around 30 ng /|J.1 in a uniform maimer. 
3.133: Analysis of DNA Polymorphism using SNP-based CAPs and dCAPS markers and 
amplification of Wx locus 
25 newly developed CAPS/ dCAPS markers in eight putative starch gene regions have 
been reported by Lee et ai, (2009). Of these 25 CAPS and dCAPS markers, 22 markers have 
been used in the present study targeting six different starch related genes involved in the starch 
biosynthetic pathway on 96 diverse germplasm lines from different locations from India. The 
location of each SNP, marker type, sequence of primer set, restriction enzyme, melting 
temperature, and PCR product size, as well as digested product size, have been presented in 
Table 3.1 and Table 3.2. 
To see the diversity at the Wx locus, microsatellite assay was done using the primer pair, 
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3.1 J.4: PCR Amplification 
The PCR reaction mixture contained 25.0 ng template DNA, 12.0 ng of each primer 
(forward and reverse), 250 \iM. dNTPs, Ix PCR buffer (10 mM TRIS, pH 8.4, 50 mM KCl, 1.5 
mM MgCl2 and 0.01 mg/ ml gelatin) and 0.2 unit Taq DNA polymerase in a volume of 10 ^l. 
The following components were added and mixed in a 0.2 ml thin-walled sterile PCR tube in the 

















3 imit/^ il 
15.0ng/|il 
-















































3.1.3.5: Electrophoretic Separation of the PCR products 
Horizontal Agarose Gel Electrophoresis: 
3% metaphor agarose (BMA, USA) was used to resolve the PCR amplified DNA. The 
gel was prepared by dissolving of metaphor agarose in small pinches to avoid clotting in 0.5x 
TBE buffer and heated for dissolution. Gel was cooled to ~65°C and Gel star stain (BMA, USA) 
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was added at the rate of 2.5nl /100ml. The gel was poured in to the cassette with combs and 
allowed to pol>Tnerize at room temperature. The gel along with tray and combs were shifted to 
the electrophoresis tank and combs were removed carefully. PCR samples were prepared for 
loading by mixing with Ix loading dye and loaded in the preformed wells. Electrophoresis was 
carried out in 0.5x TBE buffer at 80 volts for 3,5 hours. Gel photos were taken using using Gel 
Doc™ XR^ hnaging System. 
Vertical Poly Acrylamide Gel Electrophoresis (PAGE) 
Stock solution of 30% Acrylamide: Bis-acrylamide (29:1) was prepared by dissolving 
145g Acrylamide and 5 g Bis-acrylamide in 500 ml double distilled H2O and the solution was 
filtered and degassed using Millipore filtering assembly(0.2|im size filter). The stock solution 
was stored in Dark bottle 4°C.A 10% Anunonium persulphate (APS) solution was prepared 
afi-esh for each run by dissolving 100 mg in 1 ml distilled water. 
For 100 ml of 10% PAGE working solution, 67ml of 0.5x TBE buffer, and 33ml of 30% 
Acrylamide: Bis-acrylamide stock solution, 600}il of 10% APS and 110)iil TEMED were mixed 
well and poured inunediately into the gel cassette (Hoefer vertical-gel apparatus SE600, 
Amersham Biosciences) and left for polymerization for 30 min. After polymerization the 
samples were loaded and run at a constant current of 20mA per gel for 4.0 hrs. The gels were 
stained with EtBr solution (lOO i^l of EtBr stock solution/1 liter double distilled H2O) for 10 min 
and destained with double distilled H2O for 15 min. Destained gels were exposed to UV light for 
visualization and images were captured with gel docimientation system. 
3.1.3.6: Statistical analysis of molecular data 
For the association test between the nucleotide polymorphism and apparent amylose 
content DARwin 5 software was used, The SNP genotype data for 96 accessions across the 22 
SNP loci was used for the cluster analysis. The UPGMA algorithm between the nucleotide 
polymorphism and apparent amylose content was used to group the varieties into distinct groups 
varying in apparent amylose content. 
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3.2: Development, phenotypic and molecular characterization of F2 derived population for 
fine mapping of a major QTL {qSPP4-I) for yield components in NPT derived population 
in rice 
3.2.1: Plant material 
An F2 population consisting of 2994 individuals, was developed by crossing RIL151 with 
RIL131, derived from a cross Pusal266 x Jaya. Pusal266, a semi dwarf, late maturing, short and 
broader flag leaf, high tillering, high grain number, high yielding new plant type derivative, 
developed through indica x japonica hybridization utilizing wide compatibility donors as the 
female parent and Jaya, a medium height, medium duration, long and narrow flag leaf, long 
panicle, high grain weight, high yielding variety as male parent in the present study. Earlier in 
our lab 310 RILs were developed from Pusal266/Jaya cross and were used for mapping 120 
QTLs for grain yield and yield components, including a robust QTL qSPP4-l for spikelets per 
panicle. The present study was focused on fine mapping and analysis of candidate gens 
underlying qSPP4-l. The RIL151 and RIL131 shared more than 70% genome in common but 
differed significantly for the spikelets per panicle and showed polymorphism for this qSPPP4-l 
and the markers flanking it. 
Further F2 individuals were selfed to develop F2:3 populations in a single row to study the 
inheritance studies. 
3.2.2: Phenotypic characterization of the F2 population and F2:3 families 
The phenotypic data was recorded on all the 2994 F2 individuals for spikelets per panicle, 
filled grains per panicle, number of panicles per plant and spikelet setting density on the main 
tiller. All the F2 individuals were planted in normal rice growing season during kharif 2010 and 
F2:3 families during kharif 20\ 1 at Indian Agricultural Research Institute, New Delhi. Both row 
to row and plant to plant spacing was maintained 20 cm. 
Trial evaluation 
Spikelets per panicle (SPP) 
Spikelets per panicle (SPP) were determined by counting number of grains (filled and 
unfilled) per panicle. 
Filled grains per panicle (FGP) 
Filled grains per panicle (FGP) were determined by counting nimiber of filled grains per 
panicle. 
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Panicles per plant (PPP) 
Panicle per plant (PPP) was determined by counting number of panicle bearing tillers per 
plant at harvesting stage. 
Spikelet setting density (SSD) 
Spikelet setting density (SSD) was calculated by dividing number of total Spikelets by 
panicle length. 
Phenotyping of all these traits was also done in the F2:3 families and averaged over five 
plants and correlation studies were carried out to study the transmissibility of the trait to progeny. 
3.2 J: Descriptive Statistics and Correlation studies among yield traits in F2 population and 
F2:3 families 
Pearson Correlation was carried out for the targeted yield contributing traits in the F2 
population and F2:3 families derived from the cross RIL151 and RIL131 using StatPlus 2007 
software package. Correlation was studied among the traits in F2 population and between the F2 
and F2:3 families to study the heritability of the traits between the generations. Descriptive 
analysis including average, standard deviation, and range were calculated by using same 
software. 
3.2.4: Molecular characterization and fine mapping of the F2 individuals 
DNA isolation was done using the standard method as mentioned in section 3.1.3.2. 
Genotyping of all the 2994 F2 along with parental lines was done using the flanking markers to 
identify the recombinants. The banding pattern of marker on gel was scored by denoting A for 
parent RIL151 type allele, B for RIL131 type and H for the heterozygotes. The genotyping data 
was documented in tab delaminated file for fiarther analysis. For fine mapping parental 
polymorphism was done using a set of SSR and HvSSR markers (Singh et al., 2010) and the 
polymorphic markers were used for the genotyping of the recombinants. 
3.2.5: Construction of molecular linkage map 
MAPMAKER/EXP software version 3.0 (Lander et al, 1987) was used to construct the 
genetic linkage map. A LOD score of 3.0 and maximum distance of 50 cM were used to 
establish linkage between two markers. Though the order and physical position of all the STMS 
markers were previously known from the rice genome map, the commands like compare, try, 
append and fi-ame chromosome were used to confirm the genetic order of the markers. After 
59 
determination of linkage groups and the correct linear arrangement of marker loci along the 
chromosomes, recombination frequencies between marker loci were estimated by using the 
Kosambi mapping function for conversion of recombination frequencies into genetic distances 
and expressed as centi Morgan (cM) distances. 
3.2.6: Fine mapping of QTXs for yield attributes using QTL Cartographer software 
QTL Cartographer version 2.5 (http://statgen.ncsu.edu/qtlcartcartographer.html) was 
employed for the detection of QTLs (Basten, 1994, 2001, Wang et al, 2007). This software uses 
linear regression, interval mapping (Lander and Botstein, 1989), composite interval mapping 
(Zeng, 1993, Zeng, 1994) and multiple interval mapping (Kao and Zeng, 1997) methods to 
dissect the underlying QTLs. It can be applied to backcross, intercross, doubled haploid and RIL 
populations. QTL cartographer can perform permutation tests to generate empirical threshold 
values for a genome-wide search for QTL. 
Data set of 5 polymorphic markers and traits were created. In the input file, all the options 
like chromosomes, markers per chromosome interval, marker distance and mapping ftmction 
were defined. Rqtl can place the QTLs on the map. In addition, this program simulates the 
position and effects (additive, dominance and epistatic) of the QTLs. 
Composite interval mapping combines interval mapping with multiple regressions. The 
statistical model is defined as: 
Y = x*b* + z*d* + XB + E 
Where, 
Y is a vector of trait values 
b* and d are the additive and dominance effects of the putative QTL being tested 
X* and z are indicator variable vectors specifying the probabilities of an individual being 
in different genotypes for the putative QTL constructed by flanking makers 
B is the vector of effects of other selected markers fitted in the model 
X is the marker information matrix for those selected markers 
E is the error vector. 
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QTL Cartographer produces a profile of the QTL Ukehhood ratio (LR) along the 
chromosome linkage group. The software operates using four different hypotheses: 
HO:a = 0,d = 0 
Hl :a^O,d = 0 
H2:a = 0,d^0 
H 3 : a ^ 0 , d A 
where 'a' is additive effect, 'd' is dominant effect. 
The likelihood ratio test statistic (LR) calculated by QTL cartographer according to 
Bastene^a/.. (1997)is: 
LOD = -logL0/Ll, 
Where LO and LI is the likelihood ratio of the hypothesis HO and HI, respectively and the 
likelihood ratio test statistic (LR) is 
LR = 2In LO/Ll = -2In 10-^°=2(In 10) LOD = 4.605LOD and thus 
LOD=-log exp (-LR/2) = '/2(log e) LR = 0.217LR 
In this study, the threshold value of 2.0 LOD score was used. The ^ represents the 
proportion of variation explained by the QTL at the test site and can be expressed as percentage 
of the total variation. The r^  was calculated by formula: 
^ = So^-SiV 
and the total variance (rt) can be calculated by: 
i^ , = s^-s,W 
where s^  is the trait variance 
so^  and Si^  are variance of the residuals. 
Genotypic data set of the polymorphic markers and adjusted means for yield and yield 
related traits was collected to map QTLs. Input files were prepared for chromosome labels, 
marker labels, marker positions, marker genotypes and trait phenotypes and separate source files 
were created for each location. Critical threshold for interval mapping, composite interval 
mapping for each trait in each location was determined by performing permutation test with 1000 
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permutations. Simple interval mapping was performed for each location separately. Composite 
interval mapping was performed by using standard model (model 6), which includes selection of 
five markers as cofactors (to remove bias that caused by QTLs that are linked to the position 
tested) with window size of 10 cM and tested for QTL positions and effects by forward and 
backward regression method. 
3.2.6: Candidate gene analysis using bioinformatics software 
Genomic information of predicted gene at 0.03 Mbp physical region on rice chromosome 
4 for the qSPP4-l QTL between markers nkssr4_ll and RM17486 were downloaded (TIGR. 
version 6.1, http://rice.plantbiology.msu.edu/). FGENESH 2.6 software was used for gene 
prediction (www.softberry.com). Predicted genes in this region searched for the evidence of 
expression by BLASTN search tool of NCBI using EST database. To complement the QTL 
mapping approach a genome wide transcriptome profiling data should be used to identify 




CHAPTER 4 = _ _ _ RESULTS 
The present study was carried out with following two main objectives: 
Objective 4.1: Phenotyping, validation of gene based markers and allelic diversity for 
starch related properties in rice (amylose content and alkali spreading value). 
Objective 4.2: Development, phenotypic and molecular characterization of F2 derived 
population for fine mapping of a major QTL {qSPP4-l) for yield components in NPT derived 
population in rice. 
The objective wise results are presented hereunder: 
4.1: Phenotyping, validation of gene based markers and allelic diversity for grain quality 
traits 
The present study comprised of the genetic analysis of two of the important grain quality 
traits in rice namely, amylose content and alkali spreading value (an indirect measure of 
gelatinization temperature) in a set of diverse germplasm set varying for the traits. Different 
genes mvolved in the starch biosynthetic pathway including Granule-bound starch syntheise I 
(GBSS I), ADP-glucose pyrophosphorylase large subunit (ADPase-L), ADP-glucose 
pyrophosphorylase small subimit (ADPase-S), Putative isoamylase-type starch debranching 
enzyme (SDE), Putative 1,4-alpha-glucanbranching enzyme (BE), Putative GIG ANTE A (GI) 
were targeted in the study. GBSSI is single locus gene related to amylose biosynthesis (Sano 
1984, Wang et ai, 1995). ADP-glucose pyrophosphorylase (AGPase-L and AGPase-S), 
composed of large and small subunits, participates in ADP-glucose biosynthesis, which is the 
substrate of amylose and amylopectin and had been evaluated as the rate limitmg step in starch 
biosynthetic pathway (Bhave et ai, 1990, Hannah and Nelson 1976, Preiss 1997). Other 
candidate genes such as putative 1,4-alpha-glucan branching enzyme (BE), putative isoamylase-
type starch debranching enzyme (SDE) and putative GIGANTEA (GI) are regarded as affecting 
the amylopectin biosynthesis pathway (James et al, 2003, Schultz and Juvik 2004). 
4.1.1: Phenotypic Characterization of diverse rice germplasm for quality traits 
A set of diverse germplasm lines spanning a fiill range of phenotypic variations for 
amylose content (AC) and alkali spreading value (ASV) including indica said japonica, were 
selected from different locations for the diversity study. Phenotyping of all the 96 germplasm 
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lines was done and the entries were evaluated for the two major quality traits, amylose content 
(Fig. 4.1a) and alkali spreading value (Fig. 4.1b). Amylose content was measured by colorimetric 
method in which the iodine bindmg capacity of the amylose with the resultant formation of 
amylose-iodine inclusion complexes and estimated from the standard curve developed using 
standard potato amylose (Sigma grade). Standard varieties like Pusa Basmati-1 (Basmati type, 
intermediate amylose content) and Taipae-309 {japonica, low amylose content) were used as 
control in the study. 
Traits showed a uniform distribution pattern with the highest amylose content recorded by 
Kranti (26 %) from Jabalpur and the lowest by Naggar dhan (10 %) from Himachal Pradesh. 
Varieties like Bhirgu Dhan, Naggar Dhan from Himachal Pradesh and K-332, K-429 from 
Srinagar showed low amylose content concluded that short and mediiun japonica's have low 
amylose content. The mean amylose content of germplasm Unes was 19.04. Frequency 
distribution showed that out of 96 varieties, 12 varieties had low amylose content (9-15%), 44 
lines had low intermediate amylose content (15-20%), 39 varieties had intermediate amylose 
content (21-25%) and 1 variety had high amylose content (26%) (Fig. 4.2a). 
Distribution of alkali spreading value (ASV) was also imiform within lines having low 
ASV as 1 and high value as 7. The mean ASV among the germplasm lines was 4.5. Distribution 
pattern showed that out of 96 germplasm lines 32 had low ASV (1-3), 30 had intermediate values 
(4-5) and 34 out of 96 had high ASV (6-7) (Fig. 4.2b). The mean amylose content and alkali 
spreading value of 96 germplasm lines used for diversity study is presented in Appendix II and 
III respectively. Table below sununarizes the range of the amylose content and alkali spreading 
value among the 96 germplasm lines used in the diversity lines (Table 4.1). 
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4.1.2: Validation, allelic diversity and Statistical analysis of germplasm lines 
For validation studies among the germplasm lines, 96 cultivars were screened using 
primers flanlcing the Wx microsatellite. The Wx microsatellite was polymorphic enough to 
distinguish most rice cultivars in different amylose classes. The primer pair (Oligo 484-485, F: 
5'-CTTTGTCTATCTCAAGACAC-3', R: 5'-TTGCAGATGTTCTTCCTGATG-3') was used. 
The amplified products ranged fi-om 103 to 127 bp in length differentiated the lines broadly into 
two categories varying in their amylose contents. In the first group genotypes having 
intermediate amylose content (21-26%) similar to Pusa Basmati 1121 amplified a fi-agment of 
-107 bp while those belonging to low amylose (10-14%) group, similar to Taipae-309, a 
fragment of ~ 120 bp was amplified, suggesting the difference in the CT repeats in the 5'-
untranslated region of the Wx gene (Fig 4.3). Details of the amplified products using the marker 
information and their corresponding amylose content of the 96 varieties are given in Appendix 
IV. 
To study the allelic diversity among the 96 germplasm lines fi"om different locations 
across India, a set of 22 newly reported CAPS/dCAPS markers covering six putative starch 
related genes involved in the starch biosynthetic pathway (Lee et al.„ 2009) were used. All the 
SNP based CAPS/dCAPS markers showed different alleles at the respective loci, depending 
whether digested or undigested. Genotyping was done using all 22 CAPS/dCAPS markers on the 
set of 96 germplasm lines. (Fig. 4.4 a,b). Genotypic data showed imique genetic profiles at all the 
22 different loci imder study, suggesting their allelic variations. GBSS-I-1804 amplified 291 bp 
fragments in all the 96 lines. After digestion with Nhel 291 bp fragment got digested into 264+27 
bp fi-agments. All the varieties in which digestion occurred had amylose content in the range of 
19-22% and all those varieties in which digestion did not take place amylose content was 12-
20%. One of the SNP of Granule-bound starch synthase I {GBSS 1-2309) showed clear 
differentiation of thejaponica varieties from the rest of the group. GBSS-I-2309 amplified 295 
bp fragments in all the germplasm lines. After digestion with Nhel 295 bp Augment got digested 
into 244+51 bp fragments. All the varieties that showed digestion suggested T allele at this locus 
while ihejaponicas did not get digested suggested C allele at the locus, clearly differentiating the 
japonicas from the rest of the group. Another locus, ADP-glucose pyrophosphorylase (AGPase-
S) that participates in ADP-glucose biosynthesis, and is the substrate of amylose and amylopectin 
had been evaluated as the rate limiting step in starch biosynthetic pathway. SNP of ADP-glucose 
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pyrophosphorylase {AGPase-S-2843) clearly inferred that at this particular locus there was no 
digestion among all the japonica varieties, suggesting a conserved genomic region, while all 
other cultivars showed digestion. Out of all the 22 CAPS and dCAPS two markers, GBSS1-2309 
and AGPase-S-2843 were found to be highly associated and clearly differentiated thejaponicas 
from the germplasm lines having intermediate or high amylose contents, based on their 
genotypic profile. 
The SNP genotype data for 96 accessions across the 22 SNP loci was used for the cluster 
analysis by calculating the shared allele frequencies and a dendrogram was computed using 
DARwin 5 software. The UPGMA algorithm between the nucleotide polymorphism and 
apparent amylose content, grouped 96 varieties into 3 distinct groups varying in apparent 
amylose content (Fig. 4.5). Group I contained the maximum number of the accessions with the 
average amylose content ranging from 14-20%. Group II is the second largest group with 
accessions ranging from 21-26% of amylose content and Group III had the accessions with the 
lowest amylose contents ranging from 10-13%. Varieties like Naggar Dhan, Bhirgu Dhan, K-332 
and K-429 having low amylose content formed one separate group (Group III) concluded that 
short and medium japonica's have low amylose content. In cluster analysis the varieties from 
Himachal Pradesh, Orissa and Ludhiana fall in three separate groups respectively, suggested a 
common pedigree for the lines from the respective locations and a similar genetic background of 
the varieties at the studied loci. 
The statistical analysis of marker data using 96 accessions gave a mean major allele 
frequency (MAP) of 0.66 (0.51 - 0.92) and polymorphism information content (PIC) of 0.35 
(0.20 - 0.40) (Table 4.2). The association analysis showed that the SNP of Granule-bound starch 
synthase I (GBSS I) and ADP-glucose pyrophosphorylase small subimit (ADPase-S) genes were 
highly associated with apparent amylose content variation than the others. The r^  value of the 
two most associated markers ranged from 17 to 54.1% and from 21.3 to 64.5%, respectively 
(P<0.0001). The highest value of i^  was at GBSS I- 2309-1IC (r^  = 0.54). The high association at 



















-< ^ «s 



































































































































































C N I 
^e 
>n 0 0 
. - 1 <N 
+ + 

















































































O H O 
< 
u 
^ o Q 
' C U N S . 
5; o •" 









































































































































o -g « 
^ o Q 


















































































































































u S u 











































































































































































































Fig, 4.3: Amplification profile using Wx gene based marker (Oligo484-485) using PAGE, 
107bp represents varieties similar to PB-1 (intermediate amylose content) and 120 bp 
represents varieties similar to Taipae-309 (low amylose content) 
ISObp 
M 1 -> 24 
(M- 50 bp ladder, 1-24, germplasm lines) 
Fig. 4.4 a.: Amplification profile of 96 germplasm lines using gene based SNP dCAPs 
marker GBSS-I-1804, amplified product were digested with Nhel 
M 1 -> 24 
291 bp-
264 bp-
M 25 ^ 4 8 
Fig. 4.4 b: Amplification profile of 96 germplasm lines using gene based SNP CAPs 
marker BE-(-185), amplified product were digested with Spel 
M 1 
-> 24 
M 25 > 4 8 
(M- 50 bp ladder, 1-48, germplasm lines) 
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4.2: Development, phenotypic and molecular characterization of F2 derived population for 
fine mapping of a major QTL {qSPP4-l) for yield components in NPT derived population 
mnce 
Yield and its component traits are quantitatively inherited and governed by quantitative 
trait loci (QTLs). For the fine mapping of the QTL interval, a well saturated linkage map and a 
segregating mapping population are required. 
4.2.1: Development of F2 mapping population 
A F2 population consisting of 2994 individuals derived fi-om the cross between two QTL 
NILs, RIL151 and RJL131 was developed for the fine mapping of 4 major QTLs {qSPP4-l, 
qFGP4.2, qPPP4-2 and qSSD4-2) for yield and yield related traits (spikelets per panicle, filled 
grains per panicle, spikelet setting density and number of panicles per plant). F2 plants were 
planted with a spacing of 20 x 20 cm in normal rice growing season with normal agronomical 
practices during kharif 20\Q at Indian Agricultural Research Institute, New Delhi. (Fig. 4,6). The 
F2 population showed normal segregation pattern as suggested for the QTLs. 
4.2.2: Phenotyping and Segregation for yield and component traits in the population 
2994 F2 individuals and the parental lines were evaluated for the four yield related traits 
(spikelets per panicle, filled grains per panicle, number of panicles per plant and spikelet setting 
density). The phenotypic data on the target traits were recorded on panicle in primary, secondary 
and tertiary tillers of all the individuals. Table below shows the phenotypic contrast for the 
targeted traits among the parents (Table 4.3). 












































Fig. 4.6: Field view and variation of Grain Number among Parents & F2 plants 
RIL151 (PI) RIL131 (P2) F2 individuals 
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The parents involved in development of large Fa population recorded high significant 
difference vis-a-vis the mean phenotypic value of the traits spikelets per panicle (SPP), filled 
grains per panicle (FGP), number of panicles per plant (???) and spikelet setting density (SSD) 
as reflected fi-om the student's t-test. The high contrast in parents is a pre-requirement for 
mapping of QTLs, which were apparent in present study. 
Spikelets per panicle (SPP) 
Spikelets per panicle (S??) showed normal fi-equency distribution in the F2 individuals. 
RIL151 showed an average of 373.6 spikelets per panicle whereas RJL131 showed 150 spikelets 
per panicle (Fig. 4.7 a). Among the F2 individual's spikelets per panicle ranged fi"om 37 to 478, 
showing uniform transgressive segregation among the individuals. Average spikelet per panicle 
among F2 individuals was 245.83. Standard deviation of 74.15 was observed among the 
individuals. 
FiUed grains per panicle (FGP) 
Filled grains per panicle (FGP) showed uniform fi"equency distribution among the F2 
individuals. RIL151 showed an average of 346 filled grains per panicle whereas RIL131 showed 
132 filled grains per panicle (Fig. 4.7 b). Among the F2 individual's filled grains per panicle 
ranged fi-om 3 to 435. The mean filled grains per panicle among F2 individuals were 213.53. 
Standard deviation of 73.88 was observed among the individuals. 
Number of panicles per plant (PPP) 
The average number of panicles per plant (???) in RIL151 (Pi) was 7 and in RIL 131 (P2) 
was 14, showing a normal distribution (Fig. 4.7 c). Among the F2 individual's number of 
panicles per plant 1 to 26. The mean filled grains per panicle among F2 individuals were 6.80. 
Standard deviation of 2.94 was observed among the individuals. F2 population showed 
Spikelet setting density (SSD) 
Spikelets setting density (SPP) is a derived trait. SSD showed normal fi-equency 
distribution in the F2 individuals. RIL151 showed an average of 15 SSD and RIL131 showed 
SSD value of 6.15 (Fig. 4.7 d). Among the F2 individual's Spikelets setting density ranged fi-om 
3.85 to 19.83, showing uniform distribution among the individuals. Average spikelet setting 
density was 9.69. Standard deviation of 2.94 was observed among the individuals. 
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Transgressive segregation was observed for all the four traits which suggest the high 
proportion of additive gene action. All the traits followed normal distribution pattern except PPP 
which had positive skewness and followed a leptokurtic peak. This trend was also reflected in a 
non-significant correlation of PPP with rest of the traits. The range of variation for the traits 
among the F2 population is listed below (Table 4.4). 















































Phenotypic distribution for SPP, FGP, PPP and SSD was found to be normal in F2 
population, indicating involvement of multiple QTLs in determining the phenotypic expression 
of these traits. The mean data of 2,994 F2 plants for SPP, FGP, PPP and SSD is given Appendix 
V. 
4.2.3: Correlation studies for the traits in the F2 population 
Spikelets setting density (SPP) exhibited high significant positive correlation with filled 
grains per panicle (FGP) (0.93) and spikelet setting density (SSD) (0.96) at 1% level of 
significance. FGP was positively correlated with SSD, which defines a strong sink efficiency of 
plants with high mean values for both the traits. The significant genetic correlation between the 
traits in segregating population is indicative of the genetic linkage or pleiotropy of the underlying 
gene(s). PPP and SSD showed comparatively weak correlation (0.06) depicting yield component 
compensation mechanism that exists in a typical plant system. Scatter plots were drawn on 2994 
F2 individuals to see the nature of correlation between two variable characters {SPP & FGP (Fig. 
4.8 a), SPP & PPP (Fig. 4.8 b), SPP & SSD (Fig. 4.8 c), FGP & PPP (Fig. 4.8 d), FGP & SSD 
(Fig. 4.8 e) and PPP & SSD (Fig. 4.8 f)} showed significant correlation at 5% and 1% 
probability. Estimates of correlation coefficient values (r) among different yield components are 
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Table 4.5: Correlation between the traits in Fz population 
Correlation Coefficients Matrix 
























).05 level, **Signiflcant difference at P<0.0001 level. 
4.2.4.: Correlation studies among the yield components traits in 324 F2 plants showing 
recombination for the flanking markers on either side. 
The linear correlation was calculated on the 324 recombinant plants of the total F2 
population. Genotyping of the F2 individuals was carried out to identify recombinants for the 
flanking markers (RJVI3276 and RM348). These recombinant individuals confirmed on the basis 
of molecular markers for their genotype recorded the similar pattern of correlation with respect 
to the four traits as was shown by the base F2 population. SPP recorded high significant 
correlation with FGP (0.94) and SSD (0.95). FGP showed significant association with PPP (0.22) 
and SSD (0.88). Scatter plots were drawn on 2994 F2 individuals to see the nature of correlation 
between two variable characters (SPP & FGP (Fig. 4.9 a), SPP & PPP (Fig. 4.9 b), SPP & SSD 
(Fig. 4.9 c), FGP & PPP (Fig. 4.9 d), FGP & SSD (Fig. 4.9 e) and PPP & SSD (Fig. 4.9 
f)}showed significant correlation at 5% and 1% probability. The selected recombinant 
population is a representation of the variability in a base population as appears from the similar 
pattern of continuous distribution and coefficients of correlation. Table below summarizes the 
correlation coefficient values of the traits and among the traits (Table 4.6). The mean F2 data of 
all the traits of the 324 recombinant is given in Appendix VI. 
Table 4.6: Correlation between the traits for the 324 F2 recombinant individuals 
Correlation Coefficients Matrix 






















* Significant difference at P<0.05 level, ** Significant difference at P<0.0001 level 
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Fig. 4.8 a: Scatter plot showing correlation between Spikelets per panicle (SPP) and Filled 
grains per panicle (FGP) in F2 population 
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Fig 4.8 b: Scatter plot showing correlation between Spikelets per panicle (SPP) and 
Number of panicles per plant (PPP) in F2 population 
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Fig. 4.8 c: Scatter plot showing correlation between Spikelets per panicle (SPP) and 
Spikelet setting density (SSD) in F2 population 
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Fig. 4.8 d: Scatter plot showing correlation between Filled grains per panicle (FGP) and 
Number of panicles per plant (PPP) in F2 population 
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Fig. 4.8 e: Scatter plot showing correlation between Filled grains per panicle (FGP) and 
Spikeiet setting density (SSD) in F2 population 
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Fig. 4.8 f: Scatter plot showing correlation between Number of panicles per panicle (PPP) 
and Spikeiet setting density (SSD) in F2 population 
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Fig. 4.9 a: Scatter plot showing correlation between Spikelets per panicle (SPP) and Filled 
grains per panicle (FGP) among 324 F^ recombinant plants 
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Fig. 4.9 b: 
Number of 
Scatter plot showing correlation between Spikelets per panicle (SPP) and 
panicles per plant (PPP) among 324 F2 recombinant plants 
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Fig. 4.9 c: Scatter plot showing correlation between Spikelets per panicle (SPP) and 
Spikelet setting density (SSD) among 324 F2 recombinant plants 
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Fig. 4.9 d: Scatter plot showing correlation between Filled grains per panicle (FGP) and 
Number of panicles per plant (PPP) among 324 F2 recombinant plants 
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Fig. 4.9 e: Scatter plot showing correlation between Filled grains per panicle (FGP) and 
Spikelet setting density (SSD) among 324 F2 recombinant plants 
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Fig. 4.9 f: Scatter plot showing correlation between Number of panicles per plant (PPP) 
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4.2.5: Phenotyping of F2:3 population from F2 recombinant individuals 
In order to study the correlation among all the traits and their heritability the selected 
recombinants were advanced to F3 population. The F2:3 population was grown during kharif 
2011. All the recombinants were grown in at a spacing of 20 x 15cm in a single row. From each 
row five plants were selected. Data was recorded for all the four traits. 
4.2.5.1: Correlation and regression studies among all the traits in the 324 F2:3 recombinant 
plants 
Linear regression of F3 on F2 for 324 recombinants revealed high significant 'b ' value of 
0.55, 0.54, 0.59 and 0.65 with respect to the traits SPP (Fig. 4.10 a), FGP (Fig. 4.10 b), PPP (Fig. 
4.10 c), and SSD (Fig. 4.10 d), respectively. Linear regression is a measure of heritability of the 
trait and high regression coefficient (b) explains that the traits under study in the population are 
under genetic control and stably inherited. The low standard error of "b' is apparent in the graph 
where data points fall clustered on the slope (regression coefficient) and also that is indicative of 
low residual effect of a regression equation . Table below summarizes the correlation coefficient 
values of the traits and among the traits (Table 4.7). The mean phenotypic data of F2:3 324 
recombinants is given in Appendix VI. 
Table 4.7: Correlation between the traits for the 324 F2:3 recombinant individuals 
Correlation Coefficients Matrix 





















** Significant difference at P<0.0001 level 
4.2.6: Fine mapping of QTLs for yield components 
Every F2 plant is a chimerical constitution of parental lines and the only locus 
polymorphic between the two parents segregate in the population. The locus which is 
monomorphic between the parents will be always uniform among the all F2 individuals. 
Therefore survey of parental polymorphism to identify polymorphic markers between parentsis 
the first step in any mapping study. 
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Fig. 4.10 a: Scatter plot showing regression between 324 F3 on F2 for Spikelets per panicle 
(SPP) 
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Fig. 4.10 b: Scatter plot showing regression between 324 F3 on F2 for Filled grains per 
panicle (FGP) 
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Fig. 4.10 c: Scatter plot showing regression between 324 F3 on F2 for Number of panicles 











y= a + bx 















C T - ^ 
y=a-i-bx 
a= 2.99, b= 0.65 
10 15 20 
F2 
83 
4.2.6.1: Molecular characterization, parental polymorphism and genotyping of F2 
population 
In an earlier study in our lab a total of 30 QTLs were identified for the four yield related 
traits on different rice chromosomes. A marker interval RM3276-RM5709 on long arm of 
chromosome 4 influencing as many as four traits i.e., spikelets per panicle, filled grains per 
panicle, panicles per plant and spikelet setting density was identified with a LOD scores of 
13.84, 15.27, 16.26 and 7.11 respectively (Marathi et al, 2012) (Table 4.8). QTLs idenfified for 
spikelets per panicle (SPP), filled grains per panicle (FGP), number of panicles per plant (???) 
and spikelet setting density (SSD) falling in the interval flanked by the markers (RM3276 and 
RM5709) were consistent across the years and locations. 
In the present study, consistency of the QTLs with the trait correlation study showed 
significant correlations among these four traits. The QTLs in the marker interval RM3276-
RM5709 {qSPP4-l, qFGP4.2, qPPP4-2 and qSSD4-2) was identified as the most effective 
region controlling grain number and other traits in the first roimd of mapping and was selected 
for further fine mapping as the region was still too large (2.16 Mb) to identify candidate genes or 
for use in marker assisted breeding. Hence, it was fiirther enriched by addition of 5 more markers 
by adopting the fine mapping approach (Table 4.9). In the second step genotyping using new 
SSR markers HvSSR's markers for the region were used for parental polymorphism (Singh et 
al, 2010). Polymorphic markers were used for genotyping. New physical map was developed by 
adding the new markers (Fig. 4.11). Newly identified QTLs were at the same loci and only QTLs 
at qSPP4-l loci were resolved with increased LOD and narrowed interval. 
Flanking marker RM3276 and RM5709 for the four QTLs {qSPP4-l, qFGP4.2, qSSD4-2, 
qPPP4-2) were used for the genotyping of 2994 F2 for the identification of recombinant 
progenies and data were scored as A, B, and H respectively for allele similar to RIL151 (PI), 
RIL131 (P2) and heterozygous. Due to amplification problem, RM5709 was dropped and next 
nearest polymorphic marker (RM348) was used in the analysis (Fig. 4.12). Both the marker 
showed expected 1:2:1 segregation for the allele A: H: B. The genotypic data of 2994 progenies 
was analyzed by Power Marker software to search for association with grain number. Both the 
markers were found associated with SPP, FGP, PPP and SSD as revealed by F-test. Furthennore, 
324 recombinants were identified between these markers (10.82% recombination frequency) and 
were analyzed for fine mapping. Parental polymorphism of parental lines was done using a set of 
84 
50 markers including simple sequence repeat (SSR) markers and HvSSR's series (Singh et al, 
2010). Screening for polymorphism among the parental lines was done using 4% metaphore 
agarose gel (Fig. 4.13). Out of the 50 markers used, 15 markers were polymorphic (30%). An 
allelic segregation ratio of 1:2:1 was observed for all marker loci, while 7 markers which showed 
segregation distortion (P<0.01) and 3 markers did not show clear amplification. Remaining 5 
internal markers along with the 2 flanking markers were used for the analysis (Fig. 4.14, 
Fig.4.l5). Total five markers were added in the QTL interval of the revised map with total 
seventeen markers for the whole chromosome 4. The genotyping data were documented in tab 
delaminated file for further analysis. 












































































































































RM 3276 (30.49 Mb) 
nkssr04_U (30.68 Mb) 
RM 6748 (30.68 Mb) 
RM 17470 (30.71Mb) J 
nkssr04_19 (31.04 Mb) 
RM 17486 (31.07 Mb) 
-RM 5709 (31.87 Mb) 
-RM 348 (32.65 Mb) 
.o 
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Fig. 4.12: Molecular characterization using the flanking markers (RM3276 and RM348) 
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Fig. 4.13: Parental polymorphism survey using SSR marker 
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Fig. 4.14: Genotyping of the recombinants using the polymorphic marker (nkssr4_ll) 
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(M- 50 bp ladder, PI- RIL151 and P2-RILI31, 1-22- F2 recombinant plants) 
Fig. 4.15: Genotyping of the recombinants using the polymorphic marker (RM17470) 
M PI P2 1 > 22 
(M- 50 bp ladder, PI- RIL15I and P2-RIL131, 1-22- F2 recombinant plants) 
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4.2.6.2: Fine mapping of QTLs for yield components 
Construction of the linkage map was done using MAPMAKER 3.0 software (Lander et 
al, 1987). Markers showing segregation distortion were excluded from the linkage map 
construction. A LOD score of 3.0 and maximvim distance of 50 cM were used to establish 
linkage between two markers. After determination of linkage groups and the correct linear 
arrangement of marker loci along the chromosomes, recombination frequencies between marker 
loci were estimated by using the Kosambi moping function for conversion of recombination 
frequencies into genetic distances and expressed as centi Morgan (cM) distances. 
QTL Cartographer version 2.5 (http://statgen.ncsu.edu/qtlcartcartographer.html) was 
employed for the detection of QTLs (Hasten 1997, 2001, Wang et al.„ 2007). Data set of 
polymorphic markers and traits were created. In the input file, all the options like chromosomes, 
markers per chromosome interval marker distance and mapping fimction were defined. 
The origmal g ^ between the two flanking markers, RM3276 and RM5709 was 1.38 Mb. 
Since RM5709 was dropped due to the amplification problem, RM348 was used instead as the 
flanking markers in genotyping. The change in the marker increased the interval region to 2.16 
Mb. Addition of the new 5 markers in the interval reduced the gap from 1.38 Mb to 0.03 Mb and 
a new molecular genetic map was developed (Fig. 4.16). Additional QTL information showed 
new QTLs between markers nkssr4-19 and RM 17486, with significant phenotypic variation and 
LOD values (Fig. 4.17). 
hi the graphical representation "y' axis represent the traits (001-Spikelets per panicle 
(SPP), 002-Filled grains per panicle (FGP), 003-Number of panicles per plant (PPP) and 004-
Spikelet setting density (SSD) and "x" axis represents the markers. The color band depicts the 
LOD score values. Candidate gene analysis of 2.16 Mb region showed 280 genes that included 
expressed proteins, DNA binding proteins, MYB protein, GHMP kinases ATP-binding protein, 
OsSAUR20 - Auxin-responsive SAUR gene family member, protein disulfide isomerase, late 
embryogenesis abundant protein, OsMADS31 - MADS-box family gene with MIKCc type-box, 
aminotransferase, glucosyltransferase, soluble starch synthase 3, PHD-finger domain containing 
protein, putative, expressed, zinc finger domain, LSDl subclass family protein, expressed, 
fransferase family domain containing protein, expressed, protein phosphatase 2C, putative, 
expressed (www, gramene.org). 
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Fig. 4.16: Molecular genetic linkage map of markers used in flne mapping 
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Fig. 4.17: Graphical representation of the QTLs region identified using QTL cartographer 
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However, the genomic sequence from the reduced region of 0.03 Mbp harboring the 
QTL, qSPP4-l was extracted from the pseudomolecules of the cv. Nipponbare (IRGSP, 2005). 
The insilico analysis of the region predicted 6 gene loci viz., LOC_Os04g51780, 
LOC_Os04g51786, LCX:_Os04g51792, LOC_Os04g51794, LOC_Os04g51796 and 
LOC_Os04g51800 fwww.softberry.comV The details of the six genes are summarized in the 
table below (TIGR. version 6.1, http://rice.plantbiology.msu.edu/) (Table 4.10). 






























































PAP fibrillin family 
domain containing 
protein, expressed 





MYB protein, putative, 
expressed 
Among the six predicted genes, locus LOC_Os04g51792 (Gene product name: PAP 
fibrillin family domain containing protein), have been known to be associated with the cytokinin 
response in roots and leaves and iron and phosphorus interactions in rice seedlings. However, 
there is no evidence reported to its association with the grain number. According to the earlier 
reports QTL (Gnl) on rice chromosome 1 has been cloned and found associated with the 
cytokinin oxidase activity and is a negative regulator of cytokinin in the inflorescence primordia 
leading to the low grain number in the panicle (Ashikari et al, 2005). 
Another locus, LOC_Os04g51800 (Gene product name: MYB protein, putative, 
expressed), has been known as MVTB protein, transcription factor which play a key role in plant 
development, such as secondary metabolism, hormone signal transduction, disease resistance, 
90 
cell shape, control of cell morphogenesis, floral and seed development. (Du et al, 2009). 
Graphical representation of the chromosome 4, showing the region of interest and gene overview 
with the detailed graphical representation of the genes in the interval has been shown in the 
figure (TIGR. version 6.1, http://rice.plantbiology.msu.edu/). (Fig. 4.18 a,b,c). 
Detailed graphical view of all the six genes, LOC_Os04g51786 (Fig 4.19 a), 
LOC_Os04g51792 (Fig 4.19 b), LOC_Os04g51794 (Fig 4.19 c), LOC_Os04g51796 (Fig 4.19 d) 
and LC)C_Os04g51800 (Fig 4.19 e) has been shown below (http://rice.plantbiology.msu.edu/). 
Therefore, in the current study, the genes LOC_Os04g51792 and LOC_Os04g51800 were found 
to be the candidates underlying the QTL, qSPP4-l associated in determining the grain number in 
rice. Further, the expression profiling and fimctional validation of these two candidate genes 
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CHAPTER 5 DISCUSSION 
The current world population is 7 billion and expected to reach 8 billion by the year 2025. Most 
of the increase in the population is expected to occur in developing countries mainly in Southeast Asia 
where people daive 76 % of their dietary requirements by consuming rice and rice based products 
(Fitzgerald et al., 2009). To meet global food demand, grain production will need to increase by a 
further 50% worldwide by 2025 (Khush, 2001). Hence there is need to improve rice production to meet 
the rising demand of the growing population. At the same time it is expected that the land and water 
resources will be scarce due to urbanization, industrialization and diversion of land to non agricultural 
purposes and changes in environmental conditions. The options available to increase rice production are 
improvement of management practices to achieve the genetic potential of the variety and breeding for 
improvement of yield potential. Improvement of yield through breeding for high yielding varieties 
adopting biotechnology interventions is the most reliable strategy for enhancing rice production and 
productivity (Bai et al, 2012). 
At present breeding methodologies like pedigree breeding, hybrid breeding and ideotype 
breeding are being used to improve rice yield. Even though, these methods have resulted in progressive 
yield improvement, the magnitude and the pace is not sufficient enough to avoid any future critical 
situations. One of the viable alternative methodology is to strengthen plant breeding efforts is integration 
of molecular tools like DNA markers linked to yield and yield components which are quantitative in 
their inheritance, for marker assisted selection (MAS). This methodology can be applied when we have 
information about the involved genetic components through genomic regions on chromosomes 
influencing these traits (Quantitative trait loci or QTL), their interaction effects across environments and 
different breeding populations. With the completion of the final sequence of the entire rice genome of 
Nipponbare by International Rice Genome Sequencing Project has provided the scientists with a vast 
amount of information on the rice genome and allowed them to perform detailed genetic analysis 
(IRGSP, 2005). Using the available information, researchers have now succeeded in isolating many 
important QTL genes, which have the potential to greatly improve rice production by mapping the yield 
and yield related QTLs. 
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The recent advances in the realm of biotechnology has resulted in mapping of gene(s) governing 
quality and other important traits and since the last two decades standardization of gene transfer process 
in rice has greatly facilitated in tailoring ideal rice varieties through marker assisted breeding (Rani et 
ai, 2008).To map genes or QTLs controlling the traits is possible due to genetic linkage analysis, which 
is based on the principle of genetic recombination during meiosis (Tanksley, 1993), their interaction 
effects across environments and different breeding populations. 
5.1: Validation of gene based markers and allelic diversity for grain quality traits 
Rice grain quality is based on a combination of subjective and objective factors and it is very 
difficult to define as it varies from region to region. The primary components of rice grain quality 
include appearance, eating, cooking, milling and nutritional qualities. The texture of cooked rice is 
largely dependent upon the amount of amylose in the grain. These factors influence how the rice grain 
cooked. Short, medium, and long grain cultivars are evaluated for amylose content and the temperature 
at which the starch gelatinizes to meet the criteria that are set for each grain type by the industry. 
Cooking quality of rice mainly depends on Alkali spreading value is inversely correlated to the 
temperature at which rice starch granules gelatinize (Juliano, 1979), gelatinization temperature 
determines the cooking time (Heda and Reddy, 1986). Thus the alkali spreading value provides a simple 
means of classifying rice into high, intermediate and low gelatinization temperature types. Classifying 
rice varieties according to gelatinization temperature is useful in selecting the varieties, which are 
appropriate for use in parboiling, quick cooking, puffing, extruding, and other rice cooking and 
processing technologies. Each of these components consists of attributes that are determined by the 
physico-chemical properties of the rice grain and the standards depend on the socio-cultural factors such 
as the history and traditions of the localities where rice is grown. 
In the present study phenotyping of all the 96 germplasm lines was done and the entries were 
evaluated for the two major quality traits, amylose content and alkali spreading value. Standard check 
varieties like Pusa Basmati-1 (Basmati type, intermediate amylose content) and Taipae-309 (japonica 
with low amylose content) were used. Normal distribution pattern was observed for amylose content 
among the germplasm lines. The mean amylose content of germplasm lines was 19.04. Frequency 
distribution showed that out of total 96 varieties, 71 varieties had low intermediate amylose content of 
14-20% amylose content, 15 lines had intermediate amylose content of 21-26% and only 10 varieties 
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had low amylose content of 10-13%.Varieties like Taipae-309, K-332, K-429 and Naggar Dhan showed 
low amylose content concluded that short and medium japonica 's have low amylose content. Rice 
varieties vary in amount of amylose content, ranging from waxy types with essentially no amylose, to 
temperate yapo«/ca short - and medium-grain types with 16-18% amylose to irapicdX japonica long 
grains with 21-24% amylose, and to many indica types with up to 28% amylose (Rutger and Mackill, 
2000). Moreover, cooking and eating characteristics of rice is mainly decided by starch properties. The 
amylose content usually ranges from 15 to 35%. Rice varieties with high amylose content shows high 
degree of flakiness along with high volume expansion, cooks dry, are less tender, and become hard upon 
cooling, hi contrast, low-amylose rice varieties cook moist and sticky. Intermediate amylose rice is 
preferred in most rice-growing areas of the world. Starch in the rice aadospcrm contains two types of 
polysaccharides: amjdose and amjdopectin. Amylose is synthesized by starch granule boimd starch 
synthase I (GBSSI) which is the last aizyme catalyzing the formation of amylose (Buchanan et al., 2000) 
encoded by the waxy gene (Sano, 1984). Amylose content is the most important of all the cooking 
quality characteristics as it greatly affects the cooking and processing behavior of milled rice. 
Distribution of alkali spreading value (ASV) among lines was also found to be continuous. The 
mean alkali spreading value among the germplasm lines was 4.5. Distribution pattern showed that out of 
96 germplasm lines 32 had low alkali spreading value (1-3), 30 had intermediate values (4-5) and 34 out 
of 96 had high alkali spreading value (6-7). As reported, ASV is inversely proportional to gelatinization 
temperature. Gelatinization temperature directly affects the physical properties of the starch granule, 
which in turn influences the quality ratings of cooked rice. Rice with a high gelatinization temperature 
becomes excessively soft and tends to disintegrate when overcooked. Under standard cooking 
procedures, this type of rice tends to remain undercooked. It requires more water and time to cook than 
those with low or intermediate gelatinization temperature. Thus, gelatinization temperature correlates 
positively with the time required to cook rice. Soaked milled rice of high gelatinization temperature 
elongates less during cooking than rice with low or intermediate gelatinization temperature. 
Amylopectin side chains play a distinct role in the disintegration of rice endosperm starch granules in 
alkali solution and their gelatinization in urea solution (Nishi et al, 2001, Umemoto et al, 2002). 
Wx locus has been studied in details by different workers. Two alleles of the Wx locus were 
identified by RFLP and the allele Wx" was found in indica varieties while Wx'^ was found mainly in 
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japonica genotypes (Sano et ai, 1986). The difference between the two alleles is considered to be 
responsible for differences in the levels of the Wx gene product in the endosperm, and consequently the 
differences in AC. Wang et al, (1995) demonstrated that post transcriptional processing of the GBSS 
gene plays a key role in the AC of rice. All the high amylose varieties that they studied accumulated 
high amoimts of completely processed GBSS mRNA. In contrast, all the low amylose varieties 
accumulated both completely processed GBSS mRNA and partially processed transcript containing the 
leader intron, whereas glutinous varieties contained only incompletely processed GBSS transcripts. 
Wang et al, (1995) postulated that a single-base change in the putative 5' leader intron splice site could 
interfere with mRNA processing. This observation was later confirmed by Ayres et al., (1997) who 
reported that all 30 low amylose varieties that they tested had the sequence AGTTATA at the putative 
leader intron 5' splice sites, while all 59 intermediate and high amylose cultivars had AGGTATA. Ayres 
et ai, (1997) foimd the G to T mutation could explain 79.7% of the variation in AC of the non-waxy 
cultivars. Hirano et al, (1998) have also pointed out that the AGGTATA sequence at the 5' splice-
jimction coincided with the presence of the WJ^ allele, while the AGTTATA sequence coincided with 
the presence of the Wx'^ allele. Many other researchers foimd that low amylose cultivars had the 
sequence AGTTATA, while all intermediate and high amylose cultivars had AGGTATA (Bao et al, 
2002, Larkm and Park, 2003, Han et al, 2004, Yamanaka et al, 2004). However, these two alleles alone 
are not sufficient to explain all the observed variation in AC among the rice varieties. The CT-
microsatellite and G-T f)olymorphisms were employed to characterize the AC in waxy and non-waxy 
varieties and to screen breeding populations. The CT microsatellite has been used in marker-assisted 
selection (MAS). 
Mikami et al, (2008) studied the allelic diversity at the wx locus in a set of Asian rice landraces 
and found a continuous variation at five putative alleles (^fV, ^ac'", Wx!', Wx°^, and wx) at the wx locus 
in near isogenic lines. AAC showed a positive relation with the levels of Wx gene product, granule-
boimd starch synthase (GBSS) as well as the enzymatic activity per milligram starch granule. Only 
opaque {Wx"'') accessions had an enzymatic activity per GBSS that was reduced to half the level of the 
others. Tian et al, (2009), studied the allelic diversity of the eighteen candidate starch synthesis related 
different genes in a set of 33 indicas and 33 japonicas. 
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GBSSI is single locus gene related to amylose biosynthesis (Sano 1984, Wang et al., 1995). 
ADP-glucose pyrophosphorylase (AGPase), composed of large and small subunits, participates in ADP-
glucose biosynthesis, which is the substrate of amylose and amylopectin and had been evaluated as the 
rate limiting step in starch biosynthetic pathway (Bhave et al., 1990, Preiss, 1997). Other candidate 
genes such as putative 1,4-alpha- glucan branching enzyme (BE), branching enzyme-S precursor (BES), 
putative isoamylase-type starch debranching enzyme (SDE), putative starch synthase DULLl (SSdul), 
and putative GIGANTEA (Gl) are regarded as affecting the amylopectin biosynthesis pathway (James et 
al., 2003, Schultz and Juvik, 2004). These candidate genes participating in starch biosynthesis at 
different steps were used previously to find SNPs using CAPS and dCAPS methods (Konieczny and 
Ausubel, 1993, Neff e/ al., 1998, Li et al., 2009). 
For the diversity analysis among the 96 germplasm lines fi-om different locations across India, a 
set of 22 reported CAPS/dCAPS markers (Li et al., 2009) covering six putative starch related genes 
involved in the starch biosynthetic pathway were used. The genotypic data for 96 accessions across the 
22 SNP loci was used for the cluster analysis by calculating the shared allele fi-equencies and a 
dendrogram was computed using DARAvin 5 software. The UPGMA algorithm between the nucleotide 
polymorphism and apparent amylose content, grouped 96 varieties which includes indicas, japonicas 
and landraces into 3 distinct groups varying in apparent amylose content. Group 1 contained the 
maximum number of the accessions with the average amylose content ranging fi"om 14-20%. Group II is 
the second largest group with accessions ranging from 21-26% of amylose content and Group III had the 
accessions with the lowest amylose contents ranging from 10-13%. Japonica varieties including Bhirgu 
dhan, Naggar dhan, K-429 and K-332 fall in a common cluster with low amylose content, suggested a 
similar genomic profile at the selected loci. Taipai-309, being ?i japonica variety came out as an outlier 
inferring a different genetic profile from the other japonica veirieties. In cluster analysis the varieties 
from the same centre fall in single group suggesting a conunon pedigree and a similar genetic profile at 
the studied loci. The association analysis showed that the SNP of Granule-bound starch synthase I 
(GBBSSI) and ADP-glucose pyrophosphorylase small subunit (ADPase-S) genes were highly associated 
with apparent amylose content variation than the others. The r^  value of the two most associated markers 
ranged fi-om 0.17 to 0.54 and from 0.21 to 0.65, respectively (P<0.0001). The highest value of r^  was at 
GBSS I- 2309-T/C {? = 0.54). The high association at AGPase-S-2843-C/T (r^  = 0.65), whose gene is 
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concerned to ADP-glucose biosynthesis (Preiss, 1997). Single nucleotide polymorphisms are found in 
both coding and non coding regions of functional genes. If present in the coding regions, they may 
change the amino acid sequence, which could lead to phenotypic variations. These markers have great 
potential to detect associations between DNA sequence variations and phenotype (Rafalski, 2002). 
Moreover, the target genes themselves, as DNA markers, have advantages over other DNA markers 
based on the indirect detection of sequence-level polymorphisms. It is known that rice starch comprises 
of ^proximately 90% of the grain, genes involved in starch biosynthesis are naturally expected to affect 
eating and cooking qualities. Starch biosynthesis is a complex system composed of multiple subunits or 
isoforms of four classes of enzymes: ADP-glucose pyrophosphorylase (AGP), starch synthase (SS), 
starch branching enzyme (SBE), and staich debranching enzyme. GBSS-I is single locus gene related to 
amylose biosynthesis (Sano 1984, Wang et al, 1995). ADP-glucose pyrophosphorylase (AGPase), 
composed of large and small subimits, participates in ADP-glucose biosynthesis, which is the substrate 
of amylose and amylopectin and had been evaluated as the rate limiting step in starch biosynthetic 
pathway (Bhave et al, 1990, Hannah and Nelson 1976, Preiss 1997). Other candidate genes such as 
putative 1,4-alpha-glucan branching enzyme (BE), branching enzyme-3 precursor {BE3), putative 
isoamylase-type starch debranching enzyme {SDK), putative starch synthase DULLl (SSduJ), and 
putative GIGANTEA (GI) are regarded as affecting the amylopectin biosynthesis pathway (James et al., 
2003, Schultz and Juvnik 2004). These candidate genes participate in starch biosynthesis at different 
steps. 
Present study validated new SNP marker systems for six putative genes involved in starch 
biosynthesis using a diverse set of 96 Indian rice genotypes, the finding swill be applicable in fast and 
cost effective genetic characterization of diverse rice germplasm and can also be utilized for marker-
assisted selections, linkage, and association studies. 
5.2: Fine mapping of QTLs for yield and yield components 
Grain yield in rice is a complex trait dependant on various morphological and component traits, 
reflecting the culmination of all the processes of vegetative and reproductive growth and development, 
and their interactions with the soil and aerial environments, yet yield is usually the trait of most 
importance to plant (Quarrie et al., 2006). Yield-contributing traits such as tiller number, grain number 
and grain weight influence the yield directly and are highly affected by the environment (Liu et al., 
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2006, Ishimaru et al., 2005, Jiang et al, 2004). Grain number is one of the most important traits in the 
determination of crop productivity. In combination with grain weight and panicle number per plant in 
rice, grain number per panicle is an important factor determining yield production. Total 2,006 QTLs 
have been mapped for various yield and yield realted traits in rice (Aug 2009, www.gramene.org). A 
nimiber of such quantitative traits show high magnitude of genotype x environment (G x E) interactions 
(Senthilvel et al, 2008, Liu et al, 2008, Hittalmani et al, 2006). These types of interactions are a 
challenge to rice breeders and have been shown to reduce the progress of the breeding for quantitative 
traits during selection process. 
In rice, many research workers have used RIL populations for dissecting chromosomal regions 
influencing yield and yield related traits by using indica x japonica crosses (Xiao et al, 1996, He et 
al, 2001, Mei et al, 2003, Kobayashi et al, 2003). Mapping populations like F2 and DHs were 
developed involving indica x indica (Lin et al, 1996) and japonica x japonica crosses (Yamagishi et 
al, 2002) also besides indica x japonica (Marathi et al. 2012) parents. The varieties used in the 
development of RILs to dissect yield components are mostly with reference to the varieties of national 
importance having higher yield potential crossed to wild species like O.rufipogon, O.glaberrima, and 
O.glumaepatula with hidden potential. New Plant types (NPT) were conceptualized to increase both 
biomass and harvest index by developing a plant with attributes like moderate tillering ability, no 
vmproductive tillers, 200-250 grains per panicle, 90-100 cm height, sturdy stems, dark green thick erect 
leaves, thicker and deeper roots etc.. These NPT lines can be used either directly as varieties or as 
parents in hybrid breeding program (Khush, 2000). 
Fine moping of QTL strengthen the utility of linked mai^ kers for further dissection and 
manipulation of quantitative traits. This make easy to separate tightly linked undesirable traits form 
valuable trait while transferring from wild species to domestic strains. Assigning a QTL to a small 
interval, on a single yeast artificial chromosome (Coulson et al, 1988), would be a major step toward 
cloning the genetic factor(s) lying at the QTL. Consequently, identification of small target regions for 
physical manipulation of QTLs may extend the reach of molecular biology to individual effect of gene. 
Thousands of QTL have been mapped for yield and yield related traits in rice 
(www.gramene.org). Although primarily mapping populations including F2, RILs and DHs have been 
widely used for QTL mapping in rice (Xu et al, 2004, Marri et al, 2005, Fan et al, 2006). In a primary 
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mapping population with simultaneous segregation of multiple genetic factors, a given trait value is 
contributed not only by a given QTL but also by other QTL. For fme mapping of a QTL, genetic 
backgroimd noise should be avoided. Hence, QTL analysis in advanced populations is necessary for a 
good understanding of their characteristics. Following the primary mapping, advanced populations such 
as near isogenic lines (NIL) and chromosome segment substitution lines (CSSL) can be used to fine map 
QTL to a lociis as a Mendalian factor by minimizing the genetic background noise (Zhang et ai, 2006, 
Wang et ai, 2006). 
Identification of a major QTL (Gnia) for grain nmnber using the backcross inbred lines (BILs) 
of Koshihikari (lower grain nimiber) and Habataki (higher number) was considered as a pioneering 
study of the molecular analysis of grain number determination in rice (Ashikari et al,. 2005). Gnla 
encodes an enzyme, namely cytokinin oxidase/dehydrogenase (OsCKX2), which degrades the 
phytohormone cytokinin. The reduced expression of Gnla causes cytokinin accumulation in the 
inflorescence meristem and increases the number of reproductive organs, resulting in enhanced grain 
number. 
In another study a natural variant ofDEPl (DENSE AND ERECT PANICLE 1) was identified 
fi-om two F2 populations derived from japonica/indica crosses (Q169 x93-ll and WlOl x NJ6). The 
mutation allele of DEPl, coded for a truncated phosphatidyl ethanolamine-binding protein like domain 
protein, showing three dominant pleiotropic phenotypes: dense panicle, high grain number per panicle 
and erect panicle. Consequently, plants carrying the mutant allele showed increased grain yield 
(+40.9%), although they also have a decreased 1000 grain weight (Huan et al., 2009). 
Two other QTLs, WFP (WEALTHY FARMER'S PANICLE) and IPAI (IDEAL PLANT 
ARCHITECTURE) were independently identified, and it was later foxmd that these are the same QTL 
that encodes the transcription factor SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 
(OsSPLM) (Miura et al., 2010, Jiao et al., 2010). It was found that WFP from indica variety ST-12 and 
IPAI fi-om Shaoniejing, increase the number of grains per panicle because of a higher number of 
primary branches per panicle. The OsSPLI4 mRNA contains a target sequence of microRNA 
OsmiR156, which is highly expressed in the vegetative stage and which disappears in the early 
reproductive stage. By this mechanism, expression of OsSPLI4 is restricted in the early reproductive 
stage in the wild type plant (WT). It was reported that the OsSPLM^^ allele shows an approximately 
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nine times higher expression in the early reproductive stage than does the WT, probably because of an 
epigenetic effect in its promoter region, and this leads to the promotion of enhanced branch formation in 
the panicle (Miura et al, 2010). Because the high expression of OsmiR156 suppresses OsSPL14 
expression, there is no significant effect on OsSPL 14^^" Qx^rossion in the vegetative stage. IPAl had a 
single nucleotide polymorphism (SNP) in the microRNA target sequence which confers resistance to the 
microRNA and leads to ectopic expression in the vegetative stage and higher expression in the 
reproductive stage. OsSPLM''"'' showed increased primary branches in the panicle, as with 
OsSPL14^^, however, it also showed reduced tiller number and stronger culm, probably caused by its 
ectopic expression in the vegetative stage (Jiao et al, 2010). Taken together, these observations 
demonstrate that the modified plant architecture conferred by the higher expression of OsSPLJ4 has the 
potential to improve rice yields. 
The present study was taken with the objective to fine map the QTL region governing four 
important yield related traits namely, spikelets per panicle, filled grains per panicle, number of panicles 
per plant and spikelet setting density using a F2 population. A large F2 population consisting of 2994 
individuals was developed by crossing two RILs {RIL151 and RILISI) contrasting for the traits. 
Phenotyping of the individuals for the traits was done and transgressive segregation was observed for all 
the four traits which suggested the high proportion of additive gene action. All the traits followed typical 
normal distribution pattern except nimiber of panicles per plant (PPP) which had positive skewness and 
followed a leptokurtic peak for a normally distributed population. Spikelet setting density (SPP) 
exhibited high significant positive correlation with filled grains per panicle (FGP: 0.93) and spikelet 
setting density (SSD: 0.96) at 1% level of significance. Filled grains per panicle (FGP) was positively 
correlated with spikelet setting density (SSD), which defines a strong sink efficiency of plants with high 
mean values for both the traits. The significant genetic correlation between the traits in segregating 
population is indicative of the genetic linkage or pleiotropy of the underlying gene(s). Number of 
panicles per pant (PPP) and spikelet setting density (SSD) showed comparatively weak correlation 
(0.06) depicting yield component compensation mechanism that exists in a typical plant system. 
Existence of significant correlation between majorities of character pair observed in F2 population 
indicated presence of sufficient genetic variation for al these traits and their suitability as mapping 
population. 
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In order to study the correlation among all the traits and their heritability the selected 324 
recombinants based on the molecular analysis, were advanced to F2:3 populations. Linear regression of 
F3 on F2 for 324 recombinants revealed high significant b value of 0.55, 0.54, 0.59 and 0.65 with respect 
to the traits SPP, PGP, PPP and SSD respectively. Linear regression is a measure of heritability of the 
trait and high regression coefficient (b) explains that the grain and panicle traits imder study in the 
population are under genetic control and are less influenced by environment. The low standard error of b 
is apparent in the graph where data points fall clustered on the slope (regression coefficient) and also 
that is indicative of low residual effect of a regression equation. Thomson et al, (2003) studied seven 
yield and yield related traits and found strongest correlations between yield and panicles per plant, 
Spikelets per panicle and filled grains per panicle. The heritability of grains per panicle is high, and 
according to Brondani et al., (2002) it is the best indicator of fitness of a genotype. 
Every F2 plant has a chimerical genetic constitution of parental lines and the only locus 
polymorphic between the two parents segregate in the population. Flanking marker RM3276 and 
RM348 for the four QTLs (qSPP4-l, qFGP4.2, qSSD4-2. and qPPP4-2) were used for the genotyping 
of 2994 F2 for the identification of recombinant progenies. Both the maiicer showed expected 1:2:1 
segregation for the alleles A:H:B. Furthermore, 324 recombinants were identified using the above 
mentioned flanking markers (10.82% recombination fi-equency) and were analyzed for fme mapping. 
Parental polymorphism was carried out using 50 STMS markers including RM series markers (whose 
sequence is available in public domain), with and Hyper variable SSR markers (Singh et al., 2010) that 
fall in the gap. 15 markers were polymorphic and were used for genotyping (30% polymorphism). An 
allelic segregation ratio of 1:2:1 was observed for all of these loci, except for 7 markers which showed 
segregation distortion (P<0.01) and 3 markers did not show clear amphfication. Later, 5 internal markers 
along with the 2 flanking markers were used for the analysis. Total five markers were added in the QTL 
interval of the revised m ^ with total seventeen markers for the whole chromosome 4. Many researchers 
have used a combination of RFLP and SSR markers for polymorphism survey (Xie et al., 2002, Zheng 
et al., 2003, Mu et al., 2004, You et al, 2006) and few reports on use of SSR markers alone were 
reported by Jiang et al., 2004, Marri et al., 2005, Yue et al, 2006. Tian et al. (2006) reported fine 
mapping of gpa7 and constructed a high-resolution map using the flanking markers. Mapping was done 
on 1,966 F2 plants derived fi-om the cross between SIL040 and Guichao 2. By two-step substitution 
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mapping, ^a7 was finally narrowed down to a 35-kb region that contains five predicted genes in 
cultivated rice. Xing et al, (2008) reported fine mapping of a QTL qSPP7, affecting number of spikelet 
per panicle to a 0.4 cM region between SSR marker RM3859 and RFLP marker C39 based on tests of 
the BC2F2 population and its progeny. Liu et al.. (2009) fine mapped a major QTL (SPPJ) for grain 
length using HIF-NILs by self pollinating the heterozygous plants which produces NIL-F2. Bai et al., 
(2010) and Shao et al.. (2010) fine mapped two minor QTLs, qGL7aad qGL7-2 to 258 kb and 278 kb 
region for grain length using the consecutive backcrossing strategy and heterogeneous inbred family 
method respectively. Zhu et al.. (2010) identified the genes controlling panicle number will play a vital 
role in high-yield rice breeding. qPNl, a major QTL locating on the long arm of chromosome 1, was 
fine m^ped using a total of 1,429 recessive individuals fi-om F2 and F3 generations by crossing C3074 
and Guangluai 4, to a 34.4-kb region contaming six annotated genes according to available sequence 
annotation databases. A critical look into the earlier reports reveals that very few studies were conducted 
with populations involving new plant type as parent and SSR markers alone (Yue et al., 2006, 
Amaravathi et al.. 2008). 
The original gap between the two flankmg markers, RM3276 and RM5709 was 1.38 Mb. Since 
RM5709 was dropped due to the amplification problem, RM348 was used instead as the flanking 
markers and was used in genotyping. The change in the marker increased the interval region to 2.16 Mb. 
Addition of the new 5 markers in the interval reduce the gap from 2.16 Mb to 0.03 Mb. Additional QTL 
information showed new QTLs between markers nkssr4-19 and RM 17486, with significant phenotypic 
variation and LOD values. Candidate gene search in 2.16 Mb region showed a large number of genes 
that included expressed proteins, DNA binding proteins, MYB protein, GHMP kinases ATP-binding 
protein, OsSAUR20 - Auxin-responsive SAUR gene family member, protein disulfide isomerase, late 
embryogenesis abundant protein, OsMADS31 - MADS-box family gene with MIKCc type-box, amino 
transferase, glucosyl transferase, soluble starch synthase 3, PHD-fmger domain containing protein, 
putative, expressed, zinc finger domain, LSDl subclass family protein, expressed, transferase family 
domain containing protein, expressed, protein phosphatase 2C, putative, expressed (www, gramene.org). 
The 0.03 Mbp qSPP4-l region of rice chromosome 4 between markers nksssr04-ll and RM 17470 
showed presence of 6 predicted genes v/z.LOC_Os04g51780, LOC_Os04g51786, LOC_Os04g51792, 
LOC_Os04g51794, LOC Os04g51796 and LOC_Os04g51800 (www.softberrv.coml.with evidence for 
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expression (TIGR. version 6.1, http://rice.plantbiology.msu.edu/I Of these six predicted genes, 
LOC_Os04g51792, has been associated with the cytokinin response in roots and leaves and iron and 
phosphorus interactions in rice seedlings. According to the earlier reports QTL (Gnl) on rice 
chromosome 1 has been cloned and been associated with the cytokinin oxidase activity as a negative 
regulator of cytokinin in the inflorescence primordia leading to the low grain number in the panicle 
(Ashikari et al., 2005). Another locus, LOC_Os04g51800, has been known as MYB protein, 
transcription factor play a key role in plant development, such as secondary metabolism, hormone signal 
transduction, disease resistance, cell shape, control of cell morphogenesis, floral and seed development. 
(Du et al., 2009). Qiao et al., (2011) reported fine mapping of DEP3 kb to 73 kb region, controlling 
grain number in rice on chromosome 6, using a F2 population comprising of 887 individuals. The DEP3 
gene was identified as the candidate via a map-based cloning approach and was predicted to encode a 
patatin-like phospholipase A2 (PLA2) super family domain-containing protein. The mutant allele gene 
carried a 408 bp genomic deletion within LOC_Os06g46350, which included the last 47 bp coding 
region of the third exon and the first 361 bp of the 3'-untranslated region. 
Zhang et al., (2011) identified a natural mutant, gnp4, lack of lateral spikelet on the secondary 
branches in the field condition. In addition, the Gnp4 and Laxl-1 double mutant showed dramatically 
reduced secondary branches and spikelets in panicle at reproductive stage, and tillers at vegetative stage. 
By m^-based cloning approach, and using four F2 segregating populations, the Gnp4 gene was finally 
mapped to a 10.7-kb region on the long arm of chromosome 4 in rice. Also reported methylation level of 
several cytosines in the promoter CpG islands region of the predicted gene in gnp4 was different fi-om 
the wild type. Thus, we propose that the DNA methylation changes at these sites may induce to decrease 
expression level of Gnp4, consequently, resulting in phenotypic variation. 
Over all, these genes could be associated with the traits after the transcriptome profiling studies. 
Microarray expression profiling is now widely used to study developmental gene regulation. Combining 
microarrays expression profiling with genetic mapping studies has contributed significantly to gene 
discovery in the animal system (Aitman et al, 1999). Recently, integration of linkage mapping and 
expression profiling has also been used in plants to identify genes underlying drought tolerance trait in 
maize (Marino et al, 2009) and salinity tolerance in rice (Pandit et al, 2010). The present study showed 
that a major QTL qSPP4-l was associated with high grain number in rice over 2 years of phenotyping. 
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Six differentially expressed genes were identified in this QTL region, and these would be candidate 
genes regulating grain number in rice. Further, the markers identified linked to QTL qSSP4-l can be 
used in breeding for increasing grain number. 
Conclusion: 
1. A set of 96 diverse germplasm lines were well characterized for amylose content and alkali 
spreading value. 
2. Validation study with the new SNP marker systems for six putative genes involved in starch 
biosynthesis using a diverse set 96 Indian rice genotypes showed significant associations of these 
markers with the respective traits in germplasm. Validated markers could be utilized for in fast 
and cost-effective genetic characterization of diverse rice germplasm and can also be utilized for 
marker-assisted selections, linkage, and association studies. 
3. Association of the phenotype and genotype grouped all the lines into three major groups varying 
in their amylose content. 
4. A set of 2994 F2 population developed by crossing RIL151 with RIL131 was used as a fine 
mapping of major QTLs iqSPP4-l, qFGP4.2, qPPP4-2 and qSSD4-2) for yield and yield related 
traits (spikelets per panicle, filled grains per panicle, spikelet setting density and number of 
panicles per plant). 
5. The 1.38 Mb gap was narrowed down to 0.03 Mb, depicting six genes that have the evidence of 
expression. 
6. Two gene loci, LOC_Os04g51792 and LOC_Os04g51800 could be associated with the yield 
related traits after the transcriptome profiling studies. 
Overall, the study has helped in validation of marker-trait association with amylose content in a 
set of diverse rice germplasm. Validated markers and identified parents can be used in marker assisted 
selection. Fvirther, a QTL region harboring four QTLs for different traits was fine mapped and leading to 
identification of 6 candidate gens. Of these two genes have been identified as putative candidate genes 




Rice is the staple food for more than half of the world's population. Its rich genetic diversity in 
the form of thousands of land races and progenitors species, besides its economic significance, has 
aroused imending interest among scientists for several decades. Rice grain quality is based on a 
combination of subjective and objective factors and it is very difficult to define as it varies fi^om region 
to region. The primary components of rice grain quality include appearance, eating, cooking, milling and 
nutritional qualities. The texture of cooked rice is largely dependent upon the amoimt of amylose in the 
grain. These factors influence how the rice grain cooked. Short, medium, and long grain cultivars are 
evaluated for amylose content and the temperature at which the starch gelatinizes to meet the criteria 
that are set for each grain type by the industry. Each of these components consists of attributes that are 
detamined by the physico-chemical properties of the rice grain and the standards depend on the socio-
cultural factors such as the history and traditions of the localities where rice is grown. 
Yield enhancement is always a prime motto of rice breeding program. Rice grain yield is 
determined by several components like number of panicle per plant, grain nxmiber per panicle grain 
weight, panicle length, plant height and many more. Consequently the genetic study of these yield 
related traits has great importance to speed up yield improvement program. Most of yield related traits 
are inherited quantitatively and are known to be affected by environmental factors. Segregation analysis 
and manipulation based on the phenotype would be difficult for such quantitative traits. Identification of 
QTLs hopefully makes it easy and helps to track segregation as simpler as mendalian inheritance. The 
QTL analysis provides better understanding of QTL-environment, QTL-QTL interaction which would 
be beneficial for successfiil exploitation of QTLs. In addition, identification of QTLs is a valuable 
starting point for positional cloning of genes underlying quantitative phenotypes and for interpreting the 
molecular and biochemical mechanisms involve. During the past decade, many attempts have been 
made to characterize the QTLs for grain yield. However, the genes involved in these QTLs have not 
been identified and their chromosomal positions remain vague. The present study was focused on fine 
mapping of QTLs for yield contributing traits in rice using a NIL-F2 population developed by the cross 
between RIL151 and RIL131 and the objective-wise summary of work done is given below: 
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Phenotyping, validation of gene based markers and allelic diversity for starch related properties in 
rice 
Grain quality is an important consideration in rice breeding program. Preferences for rice grain 
performance and coolcing quality vary among rice consumers living in different parts of the world or 
even among people living in different regions of the same country. The primary components of rice 
grain quality include appearance, eating, cooking, and milling quality, and nutritional qualities, which 
are determined by their physico-chemical properties and socio-cultural factors. Among grain quality 
characters, amylose content is one of the most important of all the cooking quality characteristics 
because it greatly affects the cooking and processing behavior of milled rice. Rice grain samples 
contain 80% starch, 12% water, 7.5% protein, and 0.5% ash (Chandler 1979). The starch content is 
affected to a large extent by climate, rice variety and the level of nitrogen appUed. Rice that has just 
been harvested from the field contains 72% to 75% starch, 1.6% to 2.1% dextrin, 1.5% to 2.6% glucose 
and 0.3% to 0.5% sucrose (Grist 1986). Starch is composed of linear amylose and branched chains of 
amylopectin, which are polymers of a D-glucose. Amylose content is the single most important 
characteristic for predicting the cooking and processing quality of rice (Juliano, 1985). Rice varieties 
vary in amount of amylose content, ranging from waxy types with essentially no amylose, to temperate 
japonica short - and medivmi-grain types with 16-18% amylose, to tropicalyapow/ca long grains with 21-
24% amylose, and to many indica types with up to 28% amylose (Rutger and Mackill, 2000). 
Intermediate amylose content rice shows high volvmie expansion (not necessarily elongation) and high 
degree of flakiness. High amylose grains cook dry, are less tender, and become hard upon cooling. In 
contrast, low-amylose rice cooks moist and sticky. Intermediate amylose rice is preferred in most rice-
growing areas of the world. On contrary high yielding cultivars and hybrids are frequently associated 
with poor cooking and eating qualities and thus are not preferred by producers or consumers. It is, 
therefore, understandable that emphasis on breeding for quality improvement has assumed great 
significance with the introduction of high yielding rice varieties and more so due to strong and varied 
consimier preferences (Khush et ai, 1979). 
During starch biosynthesis in the grain filling step, several genes and gene isoforms interact and 
affect starch quantity and composition (Bhave et al, 1990, James et ai, 2003, Preiss 1997, Sano 1984, 
Schultz and Juvik 2004, Wang et al, 1995). As for the sequence difference of genes associated with 
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starch physicochemical properties, the Granule bound starch synthase I {GBSS I) gene harbors two 
alleles, Wx^ and Wx!', in non-waxy rice cultivars. Wx" has allele (AGGT) or Wx'' allele (AG7T) in the 
first intron affecting splicing (Cai et al.. 1998, Hirano and Sano 1998, Issiki et al, 1998). The Wx!' allele 
contributes to a higher level of waxy protein than the Wx!' allele, and thus results in high amylose 
content in the grain. The Wx" allele is predominant in the indica subspecies, while the Wx^ allele is 
predominant in ihejaponica subspecies. The SNPs in the two different exon regions have amino acid 
substitutions (Larkin and Park 2003) and the 23 bp insertion in the exon region (Wanchana et al., 2003). 
The starch synthase Ila (SSJJa) gene has seven SNPs and contiguous SNPs (GC/TT) associating with 
gelatinization temperature and pasting temperature, respectively (Bao et al., 2006b). The starch 
branching enzyme 1 (SBEJ) and starch branching enzyme 3 (SBE3) have the insertion/deletion 
associations with the starch characteristics (Larkin et al., 2003, Bao et al., 2006a). 
However, the information regarding allelic variation at Wx locus in Indian rice germplasm is 
lacking. Therefore, in the presait study an attempt was made to look at the allelic diversity at the Wx 
locus in Indian rice germplasm. In order to study the allelic variation at Wx locus, validation of six 
different gene based CAPS and dCAPS markers in a set of 96 diverse Indian rice germplasm lines 
showing variation for amylose content and alkali spreading value was xmdertaken. On the basis of alkali 
spreading values (ASV) and amylose content, genotypes were grouped into low, intermediate and high 
categories. Six different starch related gene based markers including Granule bound starch synthase-I 
(GBSS-I), ADP-glucose pyrophosphorylase larger imit (ADPase-L), ADP-glucose pyrophosphorylase 
small unit (ADPase-S), Putative isoamyloase-type starch debranching enzyme (SDE). Putative 1,4-
alpha-glucanbranching enzyme (BE), Putative GIGANTEA (GI) were used for validation in the set of 96 
genotypes. The amplified products were digested using the respective restriction enzymes. GBSS-I-1804 
amplified 291 bp fragments in all the 96 lines. After digestion with Nhel 291 bp fragment got digested 
into 264+27 bp fragments. All the varieties in which digestion occurred had amylose content in the 
range of 19-22% and all those varieties in which digestion did not take place amylose content was 12-
20%. One of the SNP of Granule-bound starch synthase I (GBSS 1-2309) showed clear differentiation of 
thejaponica varieties from the rest of the group. GBSS-I-2309 amplified 295 bp fi-agments in all the 
germplasm lines. After digestion with Nhel 295 bp fragment got digested into 244+51 bp fragments. All 
the varieties that showed digestion suggested T allele at this locus while the japonicas did not get 
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digested suggested C allele at the locus, clearly differentiating thejaponicas from the rest of the group. 
Another locus, ADP-glucose pyrophosphorylase (AGPase-S) that participates in ADP-glucose 
biosynthesis, and is the substrate of amylose and amylopectin had been evaluated as the rate limiting 
step in starch biosynthetic pathway. SNP of ADP-glucose pyrophosphorylase (AGPase-S-2843) clearly 
inferred that at this particular locus there was no digestion among all \hejaponica varieties, suggesting a 
conserved genomic region, while all other cultivars showed digestion. Out of all the 22 CAPS and 
dCAPS two markers, GB^ 1-2309 and AGPase-S-2843 were found to be highly associated and clearly 
differentiated the japonicas from the germplasm lines having intermediate or high amylose contents, 
based on their genotypic profile. 
For the association test between the nucleotide polymorphism and apparent amylose content 
DARwin 5 software was used, UPGMA algorithm grouped 96 varieties into 3 distinct groups varying in 
apparent amylose content. Group I contained the maximum number of the accessions with the average 
amylose content ranging from 14-20%. Group II was the second largest group with 15 accessions 
showing amylose content ranging from 21-26% and Group III had the accessions with the lowest 
amylose contents ranging from 10-13% with few outliers. In cluster analysis the varieties bred at one 
centre fell m single group suggesting a common pedigree. The statistical values for marker application 
results using 96 accessions gave a mean major allele frequency (MAP) of 0.66 (0.52-0.92) and 
polymorphism information content (PIC) of 0.35 (0.20-0.40). The association analysis showed that the 
SNP of Granule-bound starch synthase I {GBSS I) and ADP-glucose pyrophosphorylase small subunit 
(ADPase-S) genes were highly associated with apparent amylose content variation than the others. The 
r^  value of the two most associated markers ranged from 17 to 54.1% and from 21.3 to 64.5%, 
respectively (P<0.0001). The highest value of r^  was at GBSS I- 2309-T/C (r^=0.54). The high 
association at AGPase-S-2843-C/T (r^=0.65), whose gene is concerned to ADP-glucose biosynthesis 
(Preiss, 1997) was observed. 
In addition to this, amplification was checked among 96 germplasm lines using a Wx 
microsatellite marker, Oligo 484 and 485. The Wx microsatellite was polymorphic enough to distinguish 
most rice cultivars in different amylose classes. The gels were scored and different alleles were detected. 
The amplified products ranged from 103 to 127 bp in length differentiated the lines broadly into two 
categories varying in their amylose contents. In the first group genotypes having intermediate amylose 
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content (21-26%) similar to Pusa Basmati 1121 amplified a Segment of -107 bp while those belonging 
to low amylose (10-14%) group, similar to Taipae-309, a fragment of ~120 bp was amplified, suggesting 
the difference in the CT repeats in the 5'-xmtranslated region of the Wx gene 
In conclusion, this study validated new SNP marker systems for six putative genes involved in 
starch biosynthesis in rice. These new SNP markers can be used for the fast and cost-effective genetic 
characterization of diverse rice germplasm and can also be utilized for marker-assisted selections, 
linkage, and association studies in rice. 
Development, phenotypic and molecular characterization of F: derived population for fine 
mapping of a major QTL {qSPP4-l) for yield components in NPT derived population in rice 
As the world's population continues to grow rapidly and becomes more demanding, the pressure 
on resources is increasing, whilst climate change poses further challenges. The balance between the 
supply and demand of the major food crops is fi^gile, fueling concerns for long-term global food 
security. The need to accelerate plant breeding for increased yield potential and better ad^tation to 
drought and other abiotic stresses is an issue of increasing urgency. In order to meet the growing 
demand of the ever increasing population, rice productivity must increase for which rice varieties with 
higher yield potential are needed. Rice yield is the final product of the manifestation of several 
interrelated components, like number of tillers per plant spikelets per panicle and grain weight and is 
therefore a very complex quantitative trait. With the whole genome sequencing, rice has become the 
'model monocot plant' for molecular genomics research. It benefits fi-om having the smallest genome of 
the major cereals, dense genetic maps and relative ease of genetic transformation (Sasaki et al., 2000). 
Saturated genetic linkage map of rice using different types of markers namely, RFLP and SSR, has been 
developed, which has been further enriched with SNP markers, with the availability of whole genome 
sequence. Utilizing these markers, a large number of genes of agronomic importance have been mapped 
and many genes/QTLs have been eventually cloned. Recent progress in the generation of high-density 
molecular genetic map in rice has made it possible to map individual genes associated with the complex 
traits like yield. Though hundreds of QTLs have been identified during the last decade for yield per se, 
only a few QTLs for grain number/panicle, test grain weight, panicle number per plant, grain size and 
grain filling duration (Bai et al., 2012) could be cloned and functionally characterized, mostly in 
japonica background. These includes important yield component traits such as grain number (Gnla, 
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Ghd7. DEPl and WFP), grain weight (GS3 and GW2), grain size (083 and GW5) grain filling (G/F7) 
and panicle number (DEPl and FPFP). Among all the yield and yield related traits, grain number per-
panicle is one of the most important components for rice yield. Spikelets on the primary and secondary 
branches determine the grain number per-panicle in rice. A total nimiber of 315 QTLs for grain number 
have been earlier reported on almost all the 12 rice chromosomes, but most of them have low LOD 
values and were not evaluated across the environments. Among all the QTLs reported, QTL on 
chromosome 1 (Gnl) have been fine mapped and the gene have been cloned (Ashikari et al, 2005). 
The are two major areas where progress has been achieved for rice improvement i.e. the use of 
molecular markers for identifying and incorporating favorable genes within the rice species, and the use 
of transgenic technologies for incorporation of traits for herbicide tolerance, biotic stress resistance, 
abiotic stress resistance, and nutritional value into rice (Coffinan et al., 2004, Leung and An 2004). 
These scientific advances have resulted in increased understanding and characterization of various genes 
at the molecular level that are associated with traits important to plant breeders. These traits are 
considered primary targets for molecular marker-aided selection (MAS) as breeding for them using 
conventional techniques often proved to be difficult. 
In the context of Indian rice germplasm, limited studies have been made with respect to 
quantitative traits such as yield and it's components. However, most of the studies on QTL mapping for 
grain yield and its component traits are based on mapping population developed fi"om intervarital crosses 
within sub species indica or japonica. Very few attempt, have been made to develop mapping 
population fi-om interspecific crosses or utilizing new plant types (NPTs) of ricer derived from indica x 
japonica crosses. In the earlier study done in our lab, a RIL population using single seed descent method 
was developed by crossing a new plant type rice line, Pusa 1266 with highly-adapted indica rice 
varieties, Jaya for mapping of different yield and yield related traits. A marker interval RM3276-
RM5709 on long arm of chromosome 4 influencing as many as four traits i.e., Spikelets per panicle, 
filled grains per panicle, panicles per plant and spikelet setting density were identified with a LOD 
scores of 13.84, 15.27, 16.26 and 7.11 respectively (Marathi et al, 2012). 
Four QTLs governing four important yield related traits (spikelets per panicle, filled grains per 
panicle, number of panicles per plant and spikelet setting density) were fine mapped using a F2 
population of 2994 plants, developed by crossing two RILs (RIL151 and RILISI) contrasting for the 
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traits. Phenotyping showed transgressive segregation for all the four traits suggesting high proportion of 
additive gene action.). High significant positive correlation was exhibited between SPP and FGP (0.93), 
SSD (0.96). The significant genetic correlation between the traits in segregating population is indicative 
of the genetic linkage or pleiotropy of the underlying gene(s). PPP and SSD showed comparatively weak 
correlation (0.06) depicting yield component compensation mechanism that exists in a typical plant 
system. Existence of significant correlation between majorities of character pair observed in F2 
population indicated presence of sufficient genetic variation for al these traits and their suitability as 
mapping population. Linear regression of F3 on F2 for 324 recombinants revealed high significant b 
value of 0.55,0.54,0.59 and 0.65 with respect to the traits SPP, FGP, PPP and SSD respectively. Linear 
regression is a measure of heritability of the trait and high regression coefficient (b) explains that the 
grain and panicle traits under study in the population are under genetic control and are stably inherited. 
Fine mapping of the interval was done using the two flanking markers and the internal markers 
on 324 recombinants, identified using the flanking markers. Total 5 markers were added in the QTL 
interval of the revised map with total seventeen markers for the whole chromosome 4. Additional QTL 
information showed new QTLs between markers nkssr4-19 and RM17486, with significant phenotypic 
variation and LOD values. Candidate gene search showed a number of genes in the region. The 0.03 
Mbp qSPP4-l region of rice chromosome 4 between markers nksssr04-ll and RM17470 showed 6 
predicted gene loci and have the evidence for expression using the FGENESH 2.6 software 
fwww.softberry.com) (TIGR. version 6.1, http://rice.plantbiology.msu.edu/). The gene, 
LOC_Os04g51792, has been associated with the cytokinin response in roots and leaves and iron and 
phosphorus interactions in rice seedlings. According to the earlier reports QTL {Gnl) on rice 
chromosome 1 has been clones and has been associated with the cytokinin oxidase activity and is a 
negative regulator of cytokinin in the inflorescence primordia leading to the low grain number in the 
panicle (Ashikari et al., 2005). Another locus, LOC_Os04g51800, has been known as MYB protein, 
transcription factor play a key role in plant development, such as secondary metabolism, hormone signal 
transduction, disease resistance, cell shape, control of cell morphogenesis, floral and seed development. 




1. A set of 96 diverse germplasm lines were well characterized for amylose content and alkali 
spreading value. 
2. Validation study with the new SNP marker systems for six putative genes involved in starch 
biosynthesis using a diverse set 96 Indian rice genotypes showed significant associations of these 
markers with the respective traits in germplasm. Validated markers could be utilized for in fast 
and cost-effective genetic characterization of diverse rice germplasm and can also be utilized for 
marker-assisted selections, linkage, and association studies. 
3. Association of the phenotype and genotype grouped all the lines into three major groups varying 
in their amylose content. 
4. A set of 2994 F2 population developed by crossing RIL151 with RIL131 was used as a fine 
mapping of major QTLs {qSPP4-l, qFGP4.2, qPPP4-2 and qSSD4-2) for yield and yield related 
traits (spikelets per panicle, filled grains per panicle, spikelet setting density and nimiber of 
panicles per plant). 
5. The 1.38 Mb gap was narrowed down to 0.03 Mb, depicting six genes that have the evidence of 
expression. 
6. Two gene loci, LOC_Os04g51792 and LOC_Os04g51800 could be associated with the yield 
related traits after the transcriptome profiling studies. 
Overall, the study has helped in validation of marker-trait association with amylose content in a 
set of diverse rice germplasm. Validated markers and identified parents can be used in marker assisted 
selection. Further, a QTL region harboring four QTLs for different traits was fine m^ped and leading to 
identification of 6 candidate gens. Of these two genes have been identified as putative candidate genes 




Ahn S.N, Anderson J.A., Sorrells M.E. and Tanksley S.D. (1993). Homoeologous relationships 
of rice, wheat and maize chromosomes. Mol. Gen. Genet. 241: 483-490. 
Aitman T.J., Glazier A.M., Wallace C.A., Cooper L.D., Norsworthy P.J., Wahid F.N., et al. 
(1999). Identification of Cd36, Fat as an insulin-resistance gene causing defective fatty 
acid and glucose metabolism in hypertensive rats. Nature Genetics 21:6-83. 
Amarawathi Y., Singh R., Singh A.K., Singh V.P., Moh^atra T., Sharma T.R. and Singh N.K. 
(2008). Mapping of quantitative trait loci for basmati quality traits in rice (Oryza sativa 
L.) Mol breed. 21: 49-65. 
Armour J.A.L., Alegre S.A., Miles S., Williams L.J., Badge R.M. (1999). Minisatellites and 
mutation processes in tandemly repetitive DNA In: Goldstein D, Schlotterer C, editors 
Microsatellites: Evolution and Applications Oxford University Press; New York: 24-33. 
Ashikari M., Lin S.,Yamamoto T., Takashi A., Nishimura E.R., Angeles Q., Qian H., Kitano 
and Matsuoka M.(2007). Isolation of a QTL controlling grain number and QTL 
pyramiding to combine loci for grain number and plant height in rice. Rice Genet. 5:169-
175. 
Ashikari M., Sakakibara H., Lin S., Yamamoto T., Takashi T., Nishimura A., Angeles E.R., Qian 
Q., Kitano H. and Matsuoko M. (2005). Cytokinin oxidase regulates rice grain 
production. Science 309: 741-745. 
Ashikari, M. and Matsuoka, M. (2006). Identification, isolation and pyramiding of quantitative 
trait loci for rice breeding. Trends Plant Sci. 11: 344-350. 
Ayres N.M., McClung A.M., Larkin P.D., Bligh H.F.J., Jones C.A. and Park W.D. (1997). 
Microsatellites and a single-nucleotide polymorphism differentiate apparent amylose 
classes in an extended pedigree of US rice germ plasm. Theor. Appl. Genet. 94: 773-781. 
Babu R., Nair S.K., Prasanna B.M. and Gupta H.S. (2004). Integrating marker assisted 
selection in crop breeding - Prospects and challenges. Curr. Sci. 87: 607-619. 
Bai X., Wu B., Xing Y. (2012). Yield related QTLs and their application in rice genetic 
improvement Journal of Integrative Plant Biology doi: lO.llll/j.1744-
7909.2012.01117.x. 
Bai X.F., Luo L.J., Yan W.H., Rao K.M., Wei Z., Xing Y.Z. (2010) Genetic dissection of rice 
grain shape using a recombinant inbred line population derived from two contrasting 
parents and fine mapping a pleiotropic quantitative trait locus qGL7. BMC Genet. 11,16-
26. 
Bao J.S., Corke H., Sun M. (2006a). Microsatellites, single nucleotide polymorphisms and a 
sequence tagged site in starch-synthesizing genes in relation to starch physicochemical 
properties in nonwaxy rice (Oryza sativa L.). Theor Appl Genet 113:1185-1196. 
doi:10.1007/s00122- 006-0394-z. 
Bao J.S., Corke H., Sun M. (2006b). Nucleotide diversity in starch synthase Ila and validation of 
single nucleotide polymorphisms in relation to starch gelatinization temperature and other 
physicochemical properties in rice (Oryza sativa L.). Theor Appl Genet 113:1171-1183. 
doi:10.1007/s00122-006-0355-6. 
Bao J.S., Wu Y.R., Hu B., Wu P., Cui H.R. and Shu Q.Y. (2002). QTL for rice grain quality 
based on a DH population derived from parents with similar apparent amylose content. 
Euphytica 128: 317-324. 
Basavaraj S.H., Singh V.K., Singh A., Singh A., Anand D., Yadav S., EUur R.K., Singh D., 
Gopala Krishnan S., Nagarajan M., Mohapafra T., Prabhu K.V., Singh A.K. (2010). 
Marker assisted improvement of bacterial blight resistance in parental lines of Pusa RHIO, 
a superfine grain aromatic rice hybrid. Mol Breed 26(9): 293-305. 
Basten C.J., Weir B.S. and Zeng Z.B. (1994). Zmap-a QTL cartographer. In: J.S.G.C. Smith, 
B.J. Benkel, W.F. Chesnais, J.P. Gibson, B.W. Kennedy & E.B. Bumside (Eds.), 
Proceedings of the 5* World Congress on Genetics Applied to Livestock Production: 
Computing Strategies and Software, Guelph, Ontario, Canada. Published by the 
Organizing Committee, 5th World Congress on Genetics Applied to Livestock 
Production. 
Basten C.J., Weir B.S. and Zeng Z.B. (1997). QTL cartographer: a reference manual and tutorial 
for QTL mapping, Dept. of Statistics, North Carolina State Univ., Raleigh, NC. 
Basten C.J., Weir B.S. and Zeng Z.B. (2001). QTL Cartographer. Department of Statistics, North 
Carolina State University, Raleigh, NC. 
Batley J., Barker G., et al. (2003) Mining for Single Nucleotide Polymorphisms and 
Insertions/Deletions in Maize Expressed Sequence Tag Data. Plant Physiology 132:84-
91. 
Beckmann J.S., SoUer M. (1986). Restriction fragment length polymorphisms in plant genetic 
improvement In: Report on the Research Project "Restriction Fragment Length 
Polymorphisms in Varietal Identification and Genetic Improvement" of the Binational 
(US-Israel) Agricultural Research and Development Fimd (BARD) P70 Department of 
Plant Genetics and Breeding, ARO, The Volcani Center, Bet Dagan, Israel. 
Bergman C.J., Mcclung A.M., Pinson S.R. and Fjellstrom R.G. (2002). Develoment of PCR-
based markers associated with cooked rice kernel elongation and aroma. Rice Technical 
Working Group Meeting Proceedings. P. 53. 
Bemier, J., Kumar A., Ramaiah V., Spaner D., and Atlin G. (2007). A large effect QTL for grain 
yield under reproductive-stage drought stress in upland rice. Crop Sci. 47:507-518. 
Bhatia D, Sharma R, Vikal Y, Mangat GS, Mahajan R, Sharma N, Lore JS, Singh N, Bharaj TS, 
Singh K. (2011) Marker-assisted development of bacterial blight resistant, dwarf, and 
high yielding versions of two traditional Basmati rice cultivars. Crop Sci 51: 759-770. 
Bhave M.R., Lawrence S., Barton C, Hannah L.C. (1990). Identification and molecular 
characterization of shrunken-2 cDNA clones of maize. Plant Cell 2:581-588. 
Bligh H.F.J., Larkin P.D., Roach P.S., Jones C.A., Fu H. and Park W.D. (1998). Use of 
alternate splice sites in granule bound starch synthase mRNA from low amylose rice 
varieties. Plant Mol. Biol. 38: 407-415. 
Brondani C, Rangel P.H.N.,. Brondani R.P.V. and Ferreira M.E. (2002). QTL mapping and 
introgression of yield-related traits from Oryza glmnaepatula to cultivated rice (Oryza 
sativa) using microsatellite markers. Theor. Appl. Genet. 104:1192-1203. 
Browman, K.W. 2001. Review of statistical methods for QTL mapping in experimental 
populations. Lab animal 30(7): 44-52. 
Buchanan, B.B., Gruissem, W. and Jones, R.L. (2000). Biochemistry & Molecular Biology 
of Plants. American Society of Plant Physiologists, Rockville, Maryland, USA. 
Burr B. and Burr F.A. (1991). Recombinant inbreds for molecular mapping in maize, 
theoretical and practical considerations. Trends Genet. 7: 55-60. 
Cai X.L., Wang Z.Y., Xing Y.Y., Zang J.L., and Hong M.M. (1998). Aberrant splicing of 
intron 1 leads to heterogeneous 5' UTR and decreased expression of waxy gene in rice 
cultivars of intermediate amylose content. Plant J. 14: 459-465. 
Carbonell, E. A.,. Asyns, M. J., Baselga, M., Balansard, E., and Gerig, T. M. (1993): Power 
studies in the estimation of genetic parameters of quantitative trait loci for backcross and 
doubled haploid populations. Theor. Appl. Genet. 86: 411-416. 
Causse M.A., Fulton T.M., Cho YG., Ahn S.N., Chungwongse J., Wu K., Xiao J., Yu Z., Ronald 
P.C, Harrington S.E., Second G., McCouch S.R. and Tanksley S.D. (1994). Saturated 
molecular map of the rice genome based on an inter-specific backcross population. 
Genetics 138: 1251-1274. 
Chabane K., Ablett G.A., Cordeiro G.M., Valkoun J., Henry R.J. (2005). EST versus genomic 
derived microsatellite markers for genotyping wild and cultivated barley. Genet Resour 
Crop Evol 52:903-909. 
Chambers K.G., MacAvoy E.S. (2000) Microsatellites: consensus and controversy. Comp 
Biochem Physiol (Part B) 126:455-476. 
Chandler, R. F. Jr. (1979). Rice in the tropics: A guide to the development of national programs. 
pp. 9-12, pp. 18-21. 
Chmielewicz, K.M., and Manly, K.F. 2002. Tutorial for QTX, Software for genetic mapping of 
Mendelian markers and quantitative trait loci. P 1-66. 
Cho Y.G., Ishii T., Temnykh S., Chen X., Lipovich L., McCouch S.R., Park W.D., Ayres N., 
Cartinhour S. (2000) Diversity of microsatellites derived from genomic libraries and 
GenBank sequences in rice (Oryza sativa L). Theor Appl Genet 100:713-722. 
IV 
Cho Y.G., McCouch S.R., Kuiper M., Kang M.R., Pot J., Groenen J.T.M, Eun M.Y. (1998). 
Integrated map of AFLP, SSLP, and RFLP markers using a recombinant inbred 
population of rice (Oryza sativa L.)", Theoretical and applied genetics. Vol. 97, PP:370-
380. 
Churchill, G.A. and Doerge, R.W. (1994). Empirical threshold values for quantitative trait 
mapping. Genetics. 138: 963-971. 
Clark R.M., Schweikert G., Toomajian C, Ossowski S., Zeller G., Shiim P., Warthmann N. et al. 
(2007). Common sequence polymorphisms shaping genetic diversity in Arabidopsis 
thaliana Science 317:338-342. 
Cof&nan R., McCouch S.R., Herdt R.W. (2004) Potentials and limitations of biotechnology in 
rice FAO rice conference, Rome, Italy, 12-13 February 
http://wwwfaoorg/rice2004/en/pd£^cof&nanpdf. 
Coulson A., Waterston R., Kiff J., Sulston J., and Kohara Y. (1988). Genome linking with yeast 
artificial chromosomes. Nature, 335, 184-186. 
Counce P.A., Wells B.R., Gravois K.A. (1992). Yield and harvest index responses to preflood 
nigtrogen ferfilization at low rice plant populations. J Prod Agric 5:492-497. 
Dekkers J.C.M. (2004) Commercial application of marker- and gene-assisted selection in 
livestock: strategies and lessons. J Anim Sci 82:E313-E328. 
Deshmukh R, Singh A, Jain N, Anand S, Gacche R, Singh A, Gaikwad K, Sharma T, Mohapatra 
T and Singh N. (2010) Identification of candidate genes for grain number in rice (Oryza 
sativa L.), Funct Integr Genomics DOI 10.1007/sl0142-010-0167-2. 
Diouf J. (2008). High level conference on world food security: The challenge of climate change 
and bioenergy. Rome, 3-5th June, (2008). 
http://www.fao.org/fileadmin/user_upload/foodclimate/statements/fao_diouf e.pdf 
Doerge, R.W. (2001). Mapping and analysis of quantitative trait loci in experimental 
populations. Nat rev Genet 3: 43-51 
Doerge, R.W. (2002). Mapping and analysis of quantitative trait loci in experimental 
populations. Nature Reviews. 3: 43-51. 
Donald, CM. (1968). The breeding of crop ideotype. Euphytica 17, 385±403. 
Drenkard E., Richter B.G., Rozen S., Stutius L.M., Angell N.A., Mindrinos M., Cho R.J., Oefher 
P.J., Davis R.W., Ausubel F.M. (2000). A simple procedure for the analysis of single 
nucleotide polymorphisms facilitates map-based cloning in Arabidopsis. Plant Physiol 
124:1483-1492. 
Du H., Zhang Li., Liu L.,Tang X., Yang W., Wu Y.,HuangY., Tang Y., (2009). Biochemical and 
Molecular Characterization of Plant MYB Transcription Factor Family. Biochemistry 
(Moscow), 2009, Vol. 74, No. 1, pp. 1_11. 
Echt, C, Knapp, S. and Liu, B.H. 1992. Genome mapping with non-inbred crosseds using 
Gmendel 2.0. Maize Genet. Coop. Newslett. 66: 27-29. 
Efron B. and Tibshirani R. (1993). An introduction to the Bootstrap. Chapman &, Hall, U.K. 
Eujayl I., Sledge M.K., Wang L., May G.D., Chekhovskiy K., Zwonitzer J.C, Mian M.A.R. 
(2004). Medicago truncatula EST-SSRs reveal cross-species genetic markers for 
Medicago spp. Theor Appl Genet 108:414-422. 
Fan C.C, Xing Y., Mao H., Lu T., Han B., Xu C, Li X., Zhang Q.(2006). GS3, a major QTL for 
grain length and weight and minor QTL for grain width and thickness in rice, encodes a 
putative ransmembrane protein. Theor.Appl. Genet. 112:1164-1171. 
Fan C.C, Yu X.Q., Xing Y.Z., Xu C.G., Luo L.J., and Zhang Q.F. (2005). The main eff ect, 
epistatic eff ects, and environmental interactions of QTLs on the cooking and eating 
quality of rice in doubled-haploid line population. Theor. Appl. Genet. 110:1445-1452. 
Fitzgerald M.A. et al. (2009). Not just a grain of rice: the quest for quality. Trends Plant Sci. 14, 
133-139 
Fors L., Lieder K.W., Vavra S.H., Kwiatkowski R.W. (2000) Large-scale SNP scoring from 
unamplified genomic DNA. Pharmacogenomics 1:219-229. 
VI 
Frary A., Nesbitt T.C., Grandillo S., Knaap E., Cong B., Liu J., Meller J., Elber R., Alpert K.B., 
Tanksley S.D. (2000) fw22: a quantitative trait locus key to the evolution of tomato fruit 
size. Science 289:85-88. 
Frazer K.A., Eskin E., Kang H.M., Bogue M.A., Hinds D.A., Beilharz E.J., Gupta R.V. et al. 
(2007). A sequence-based variation map of 827 million SNPs in inbred mouse strains. 
Nature 448:1050-1053. 
Gallant, D.J., Bouchet, B., Baldwin, P.M. (1997). Microscopy of starch: evidence of a new 
level of granule organization. Carbohydrate Polymers. 32: 177-191. 
Garris A.J., Tai T.H., Cobum J., Kresovich S. and McCouch S.R. (2005). Genetic structure and 
diversity in Oryza Sativa L. Genetics 169: 1631-1638. 
Goldstein D.B., PoUoc D.D. (1997) Laimching mierosatellites: a review of mutation processes 
and methods of phylogenetic inference. Heredity 88:335-342. 
Gopalakrishnan S., Sharma R.K., Anand Rajkumar K., Joseph M., Singh V.P., Singh A.K., Bhatt 
K.V., Singh N.K. and Mohapatra T. (2008). Integrating marker assisted backgroxmd 
analysis with foreground selection for identification of superior bacterial blight resistant 
recombinants in Basmati rice. Plant Breed. doi:10.1111/i.l439-0523.2007.01458.x. 
Grist, D. H. (1986). Rice (6th ed.). London: Longman. 
Grodzicker T., Williams J., Sharp P., Sambrook J. (1975) Physical mapping of temperature-
sensitive mutations of adenoviruses CoM Spring Harbour Symposium on Quantitative 
Biology 39, 439-446. 
Guo, L.B., Xing Y. Z., Mei H.W., Xu C.G., Shi C.H., Wu P.and Luo L.J. (2005). Dissection of 
component QTL expression in yield formation in rice Plant Breeding 124, 127-132 . 
Gupta P.K., Roy J.K., Prasad M. (2001). Single nucleotide polymorphisms: a new paradigm for 
molecular marker technology and DNA polymorphism detection with emphasis on their 
use in plants. Curr Sci hidia 80:524-535. 
VII 
Gupta P.K., Rustgi E.S., Sharma E.S., Singh R., Kumar E.N., Balyan H.S. (2003). Transferable 
EST-SSR markers for the study of polymorphism and genetic diversity in bread wheat. 
Mol Genet Genomics 270:315-323. 
Gupta P.K., Rustgi S., Mir R.R. (2008). Array-based high-throughput DNA markers for crop 
improvement. Heredity 101:5-18. 
Haldane JBS, Waddington CH (1931) Inbreeding and linkage. Genetics 16: 357-374. 
Haley C.S., and Knott S.A., (1992). A simple regression method for mapping quantitative trait 
loci in line crosses using flanking markers. Heredity 69: 315-324. 
Hancock J.M., (1999). Microsatellites and other simple sequences: genomic context and 
mutational mechanisms In Microsatellites: evolution and applications Edited by DB 
Goldstein and C Schlotterer Oxford University Press, Oxford. 
Had Y., Srinivasrao K., Viraktamath B.C., Hariprasad A.S., Laha G.S., Ahmed M.I., 
Natrajkumar P., Ramesha M.S., Neeraja C.N., Balachandran S.M., Rani, N.S., 
BalajiSuresh P., Sujatha K, Pandey M., Reddy G.A., Madhav M.S., Sundaram R.M. 
(2011). Marker-assisted improvement of a stable restorer line, KMR-3R and its derived 
hybrid KRH2 for bacterial blight resistance and grain quality. Plant Breed 
doi: 10.1111/J.1439-0523.2011.01881.X. 
Harr B., Schlotterer C. (2000) Lx)ng microsatellite alleles in Drosophila melanogaster have a 
downward mutation bias and short persistence times, which cause their genome-wide 
underrepresentation. Genetics 155:1213-1220. 
He P, Li JZ, Zheng XW, Shen LS, Lu CF, Chen Y, Zhu LH (2001). Comparison of molecular 
linkage maps and agronomic trait loci between DH and RIL populations derived from the 
same rice cross. Crop Sci 41:1240-1246. 
Heda G.D. and Reddy G.M. (1986). Studies on inheritance of amylose content and 
gelatinization temperature in rice. Genet. Agr. 40: 1-8. 
Hillel J., Scha^ T., Haberfeld A., Jeffreys A.J. and Plotzky Y. (1990). DNA fingerprint applied 
to gene introgression breeding programs. Genetics 124: 783-789. 
VIII 
Hirano H. and Sano Y. (2000). Comparison of waxy gene regulation in the endosperm and 
pollen in Oryza sativa L. Genes Genet. Syst. 75: 245-249. 
Hirano H.Y. and Sano Y. (1998). Enhancement of wx gene expression and accumulation of 
amylose in response to cool temperatures during seed development in rice. Plant Cell 
Physiol. 39:807-812. 
Hirano H.Y., Eiguchi M. and Sano Y. (1998). A single base change altered the regulation of 
the waxy gene at the post transcriptional level during domestication of rice. Mol. Biol. 
Evol. 15: 978-987. 
Hittahnani P., Mew T.V., Zeigler R.S. (2000). Fine mapping and DNA marker-assisted 
pyramiding of the three major genes for blast resistance in rice. Theor Appl Genet 
100:1121-1128. 
Hittahnani S., Huang N., Courtois B., Venuprasad R., Shashidhar H.E., Zhuang J.Y., Zheng K.L. 
et al. (2006). Identification of QTL for growth- and grain yield-related traits in rice across 
nine locations of Asia. Theor Appl Genet 107:679-690. 
Hua J.P., Xing Y.Z., Wu W.R., Xu C.G., Sun X.L., Yu S.B., Zhang Q.F. (2003). Single-locus 
heterotic effects and dominance-by-dominance interactions can adequately explain the 
genetic basis of heterosis in an elite rice hybrid. Proc Natl Acad Sci USA 100:2574-
2579. 
Huan X. et al. (2009) Natural variation at the DEPl locus enhances grain yield in rice. Nat. 
Genet. 41, 494-497. 
Huang N., Angeles E.R., Domingo J., Magpantay G., Singh S., Zhang G., Kumaravadivel 
N., Bennett J., Khush G.S. (1997) Pyramiding of bacterial blight resistance genes in 
rice: marker assisted selection using RFLP and PCR. Theor Appl Genet 95: 313-320 
Huang F.S., Sun Z. X., Hu P.S., Tang S.Q. (1998). Present situations and prospects for the 
research on rice grain quality farmmg. Chinese J Rice Sci 12:172-176. 
Huang N., McCouch S.R., Mew T., Parco A., and Guideroni E. (1994). Development of an 
RFLP map from a doubled haploid population in rice. Rice Genet. Newsl. 11: 134-137. 
IX 
Huang Q.Y., Xu F.H., Shen H., Deng H.Y., Liu Y.J., Liu Y.Z., Li J.L., Recker R.R., Deng H.W. 
(2002). Mutation patterns at dinuleotide microsatellite loci in humans. Am J Hum Genet 
70:625-634. 
Hue M.H. and Park S.Z. (1976). Dosage effect of waxy alleles on amylose content of rice 
grain. I. Amylose of hybrid seeds obtained from male sterile stocks. Seoul Natl. Univ. 
Coll. Agric. Bull. 1:39-46. 
Imberty A., Buleon A., Iran V., Perez S. (1991). Recent advances in knowledge of starch 
structure. Starch/Staerke. 43: 375-384. 
Inatsu O. (1979). Improvement of the quality of rice in Hokkaido. J Jpn Soc Starch Sci 26:191-
197. 
Ince A.G., Karaca M., Onus A.N. (2010). CAPS-microsatellites: use of CAPS method to 
convertnon-polymorphic microsatellites into useful markers. Mol Breeding (2010) 
25:491-499. 
Inukai T., Sako A., Hirano H. Y., Sano Y. (2000). Analysis of intragenic recombination at wx in 
rice; correlation between the molecular and genetic maps within the locus. Genome 
43:589-596. 
IRGSP (2005) The map based sequence of the rice genome. Nature 436:793-800. 
Ishimaru K. (2003). Identification of a locus increasing rice yield and physiological analysis of 
its function. Plant Physiol. 133: 1083-1090. 
Ishimaru K., Kashiwagi T., Hirotsu N., Madoka Y. (2005) Identification and physiological 
analyses of a locus for rice yield potential across the genetic background. J Exp Bot 
56:2745-53. 
Isshiki M., Morino K., Nakajima M., Okagaki R.J., Wessler S.R., Izawa T. and Shimamoto K. 
(1998). A naturally occurring fimctional allele of the rice waxy locus has a GT to TT 
mutation at the 5' Splice site of the first intron. Plant J. 15: 133-138. 
James M.G., Denyer K., Myers A.M. (2003). Starch synthesis in the cereal endosperm. Curr 
Opin Plant Biol 6:215-222. doi:10.1016/S1369-5266(03)00042-6. 
Jansen R.C. (1993). hiterval mapping of multiple quantitative trait loci. Genetics 135:205-211. 
Jansen R.C. (1995). Genetic mapping quantitative trait loci in plants-a novel statistical approach. 
Ph.D diss. Wageningen Agric. Univ. Netherlands. 
Jena K.K., Kochert G., Khush G.S. (1992). RFLP analysis of rice (Oryza sativa L) introgression 
lines. Theor Appl Genet 84:608-616. 
Jennings, P.R., Coffman, W.R. and Kauffman, H.E. (1979a). Rice Improvements. International 
Rice Research Institute, Los Banos, Philippines., pp. 186. 
Jennings, P.R., Coffman, W.R. and Kauffman, H.E. (1979b). Grain Quality. In: Rice 
improvement. Intl. Rice Res. Inst., Los Banos, Laguna, Philippines., pp. 101-120. 
Jiang G.H., Xu C.G., Li X.H., He Y.Q. (2004). Characterization of the genetic basis for yield and 
its component traits of rice revealed by doubled haploid population. Yi Chuan Xue Bao 
3:63-72. 
Jiao, Y. et al. (2010). Regulation of OsSPL14 by OsmiR156 defmes ideal plant architecture in 
rice. Nat. Genet. 42, 541-544. 
Jones A.G., Avise J.C. (1997) Microsatellite analysis of maternity and the mating system in the 
Gulf pipefish Syngnathus scovelli, a species with male pregnancy and sex-role reversal 
MolEcol 6:203-213. 
Joseph M., Gopalakrishnan S., Sharma R.K., Singh V.P., Singh A.K., Singh N.K. and Mohapatra 
T. (2004). Combining bacterial blight resistance and Basmati quality characteristics by 
phenotypic and molecular marker-assisted selection in rice. Mol. Breed. 00: 1-11. 
Juliano B.O. (1971). A simplified assay for milled rice amylose. Cereal Sci. Today 16: 334-
338. 
Juliano B.O. (1985). Rice Chemistry and Technology, 2nd edn. American Association of 
Cereal Chemists, St Paul, MN. 
Juliano B.O., Bautista G.M., Lugay J.C. and Reyes A.C. (1964). Studies on the 
physicochemical properties of rice. J. Agric. Food Chem. 12: 131-138. 
XI 
Juliano, B.O. (1979). The chemical basis of rice grain quality. In: Proc. Workshop on Chemical 
Aspects of Rice Grain Quality, pp: 69-90. Int. Rice Res. Ins. P.O. Box 933. Manila, 
Philippines. 
Kantety RV, La Rota M, Matthews DE, Sorrells ME (2002). Data mining for simple sequence 
repeats in expressed sequence tags from barley, maize, rice, sorghum and wheat. Plant 
MolBiol48(5-6):501-510. 
Kao C, and Zeng Z., (1997). General formulae for obtaining the MLEs and the asymptotic 
variance-covariance matrix in maping quantitative trait loci. Biometrics 53: 653-665. 
Kao C.H., Zeng Z.B., Teasdale R.D. (1999). Multiple interval me^ping for quantitative trait loci. 
Genetics 152:1203-1216. 
Karakousis A., Gustafson J.P., Chalmers K.J., Barr A.R. and Langridge P. (2003). A consensus 
map of barley integrating SSR, RFLP, and AFLP markers. Aust. J. Agric. Res. 54: 
1173-1185. 
Katiyar S, Verulkar S, Chandel G, Zhang Y, Huang B, Bennet J (2001) Genetic analysis and 
pyramiding of two gall midge resistance genes (Gm2 and Gm6t) in rice (Oryza sativa L.). 
Euphytica 122(2): 327-334. 
Kennard W.C., Phillips R.A., Porter R.A. and Grombacher A.W. (2000). A comparative map of 
wild rice (Zizania palustris L. 2n=2x=30). Theor. Appl. Genet. 101: 677-684. 
Khush G.S. (1995). Breaking the yield frontier of rice. Geo Journal 35:329-332. 
Khush G.S. (1997). Origin, dispersal, cultivation and variation of rice. Plant Mol Biol 35:25-34 
Khush G.S., Paule CM. and De La Cruz N.M. (1979). Rice grain quality evaluation and 
improvement at IRRI. Proceedings workshop on chemical aspects of rice grain quality. 
ERRI, Los Banos, Laguna, Philippines, pp. 21-31. 
Khush G.S., Singh R.J., Sur S.C, Librojo A.L. (1984). Primary trisomies of rice: origin, 
morphology, Cytology and use in linkage mapping. Genetics 107:141-163. 
Kinoshita T. (1995). Report of committee on gene symbolization. Rice Genet Newsl 12:149-153. 
XII 
Koebner R.M., Summers R.W. (2003). 21st century wheat breeding: Plot selection or plate 
detection? Trends Biotechnol 21:59-63. 
Konieczny A., Ausubel F.M. (1993) A procedure for mapping Arabidopsis mutations using co-
dominant ecotype-specific PCR-based markers. Plant J 4:403-410. doi:10.1046/j.l365-
313X. 1993.04020403 .x 
Konishi S. et al. (2006) An SNP caused loss of seed shattering during rice domestication. 
Science 312, 1392-1396 
Korol A.B. (2001). Recombination. In: Encyclopedia of Biodiversity. V. 5. Academic Press, 
San Diego, pp. 53-71. 
Kota R., Varshney R.K., Thiel T., Dehmer K.J., Graner (2001) A Generation and comparison of 
EST-derived SSRs and SNPs in barley (Hordeum vulgare L). Hereditas 135(2-3): 145-
151. 
Kudo M. (1968). Genetical and thermotological studies of characters, physiological or 
ecological in the hybrids between ecological rice groups. Bull. Natl. Inst. Agric. Sci. 
19: 1-84. 
Kumar I. and Khush G.S. (1988). Inheritance of amylose content in rice (Oryza sativa L.). 
Euphytica 38: 261-269. 
Kumar I., Khush G.S. (1987). Genetic analysis of diVerent amylose levels in rice. Crop Sci 
27:1167-1172. 
Kumar I., Khush G.S., (1986). Gene dosage eVects of amylose content m rice endosperm. Jpn J 
Genet 61:559-568. 
Kumar I., Khush G.S., and JuHano B.O. (1987). Genetic analysis of waxy locus in rice (Oryza 
sativa L.). Theor. Appl. Genet. 73: 481-488. 
Kurata N., Nagamura Y., Yamamoto K., Harushima Y., Sue N., Wu J., Antonio B. (1994) A 300 
kilobase interval genetic map of rice including 883 expressed sequences. Nature Genetics 
8:365-372. 
Kush G.S. (2001). Challenges for meeting the global food and nutrient needs in the new 
millenniimi. Proc. Nutr. Soc. 60, 15-26. 
XIII 
Lanceras, J.C., Huang, Z.L., Naivikul, O., Vanavichit, A., Ruanjaichon, V. and Tragoonrung, S. 
(2000). Mapping of genes for cooking and eating qualities in Thai Jasmine rice 
(KDML105). DNA Res. 7: 93-101. 
Lande R., and Thompson R. (1990). Efficiency of marker-assisted selection in the improvement 
of quantitative traits. Genetics 124:743-756. 
Lander E.S., and Botstein D. (1989). Mapping Mendelian factors underlying quantitative traits 
using RFLP linkage maps. Genetics 121: 185-199. 
Lander E.S., Green P., Abrahamson J., Barlow A. and Daley M. (1987). MAPMAKER: an 
interactive computer package for constructing primary genetic linkage maps of 
experimental and natural populations. Genomics 1: 174-181. 
Larkin P.D. and Park W.D. (1999). Transcript accumulation and utilization of alternate and 
non-consensus splice sites in rice granule bound starch synthase are temperature 
sensitive and controlled by a single nucleotide polymorphism. Plant Mol. Biol. 40: 719-
727. 
Larkin P.D., McClung A.M., Ayres N.M., Park W.D. (2003). The effect of the waxy locus 
(Granule bound starch synthase) on pasting curve characteristics in specialty rice (Oryza 
sativaL.). Euphytica 131:243-253. doi:10.1023/A:1023 962406605. 
Larkin P.D., Park W.D. (2003) Association of waxy gene single nucleotide polymorphisms with 
starch characteristics in rice (Oryza sativa L.). Mol Breed 
12:335339.doi:10.1023/B:MOLB.0000006797.51786.92. 
Lee G.A, Koh H.J, Chung H.K., Dixit A., Chung J.K., Ma K.H, LeeS.Y., LeeJ.R., Lee G.S., 
Gwag J.G., Kim T.S., Park Y.J. (2009). Development of SNP-based CAPS and dCAPS 
markers in eight different genes involved in starch biosynthesis in rice. Molecular 
breeding 24:93-101. 
Lefebvre V., Palloix A., Caranta C, Pochard E., (1995). Construction of an intraspecific 
integrated linkage map of pepper using molecular markers and doubled haloid 
progenies. Genome 38 : 112-21 
Leung H., An G. (2004). Rice functional genomics: large scale gene discovery and applications 
for crop improvement. Adv Agron 82:55-111. 
xiv 
Levinson G., Gutman G.A. (1987). Slipped-strand mis-pairing: a major mechanism of DNA 
sequence evolution. Mol Biol Evol 4:203-221. 
LiC.etal. (2006). Rice domestication by reducing shattering. ScienceSll, 1936-1939. 
Li C, Zhou A., Sang T. (2006). Genetic analysis of rice domestication syndrome with the wild 
annual species, Oryzanivara. New Phytol 170:185-194. 
Li H.B., Wang J., Liu A.M., Liu K.D., Zhang Q., Zou J.S., Zhang Q.F. (1997) "Genetic basis of 
low temperature sensitive sterility in indica japonica hybrids of rice as determined by 
RFLP analysis". Theoretical and applied genetics, vol. 95, pp. 1092 1097. 
Li H.W., Wu H.P., Chu M.Y. (1968). Further studies the interiocus recombination of the 
glutinous of rice. Bot Bull Acad Sin 9:22-26. 
Li J.M., Thomson W., Mccouch S.R (2004). Fine mapping of a grain-weight quantitative trait 
locus in the pericentromeric region of rice chromosome 3. Genetics 168:2187-2195. 
Li Z. K., Luo L. J., Mei H. W., Paterson A. H., Zhao X. H., Zhong D. B., Wang Y. P., Yu X. Q., 
Zhu L., Tabien R., Stansel J. W. and Ying C. S. (1999). A "defeated" rice resistance gene 
acts as a QTL against a virulent strain of Xanthomonas oryzae pv oryzae. Mol. Gen. 
Genet. 26: 58-63. 
Li Z.K., Pinson S.R.M., Park W.D., Paterson A.H., Stansel J.W. (1997). Epistasis for three grain 
yield components in rice (Oryza sativa L). Genetics 145:453^65. 
Li Z.K., Yu S.B., Lafitte H.R., Huang N., Courtois B., Hittalmani S., Vijayakumar C.H., Liu 
G.F., Wang G.C., Shashidhar H.E., Zhuang J.Y., Zheng K.L., Singh V.P., Sidhu J.S., 
Srivantaneeyakul S., Khush G.S. (2003). QTL x environment interactions in rice. 1. 
Heading date and plant height. Theor. Appl. Genet. 108: 141-53. 
Li, J. (2003). The natural history of rice, rice as a food, and rice as a superfood. In 
Encyclopedia of food and culture. Edited by S.H. Katz and W.W. Weaver. Charles 
Scribner's Sons, New York. pp. 190-205. 
Liang F.S., Deng Q.Y., Wang Y.G., Xiong Y.D., Jin D.M., Li J.M., and Wang B.. (2004). 
Molecular marker-assisted selection for yield-enhancing genes in the progeny of "9311 x 
O. rufi pogon"usmg SSR. Euphytica 139:159-165. 
XV 
Lin H., Qian H.R., Zhuang J.Y., Lu J., Min S.K., Xiong Z.M., Huang N. and Zheng K.L. (1996). 
RFLP mapping of QTLs for yield and related characters in rice (Oryza sativa L.). Theor. 
Appl. Genet. 92:920-927. 
Lincoln, S., Daly, M. and Lander, E. (1992a). Constructing genetic linkage maps with 
MAPMAKER/EXP. Whitehead Institute Technical Report. http://www-
genome.wi.mit.edu/ftp/distribution/software. 
Lincoln, S., Daly, M. and Lander, E. (1992b). Mapping genes controlling quantitative traits 
using MAPMAKER/QTL. Version 1.1. Whitehead Institute for Biomedical Research 
Technical Report. 2°'' Edn. http://www.genome.wi. mit.edu/ftp/ distribution/software. 
Little R.R., Hilder G.B., and Dawson E.H. (1958). Differential effect of dilute alkali on 25 
varieties of milled white rice. Cereal Chem. 35: 111-126. 
Liu G.F., Yang J., Zhu J. (2006) Mapping QTL for biomass yield and its components in rice 
(Oryza sativa L). Yi Chuan Xue Bao 33:607-616. 
Liu G.L., Mei H.W., Yu X.Q., Zou G.H., Liu H.Y., Hu S.P., Li M.S., Wu J.H., Chen L., Luo L.J. 
(2008). QTL analysis of panicle neck diameter, a trait highly correlated with panicle size, 
under well-watered and drought conditions in rice (Oryza sativa L). Plant Science 
174:71-77. 
Liu T..M, Mao D.H., Zhang S.P., Xing Y.Z. (2009). Fine mapping SPPl, a QTL controlling the 
number of spikelets per panicle, to a BAC clone in rice {Oryza sativa). Theor. Appl. 
Genet. 118, 1509-1517. 
Liu Y., Schiff M., Marathe R., Dinesh-Kumar S.P. (2002) Tobacco Rarl, EDSl and 
NPRl/NIMl like genes are required for N-mediated resistance to tobacco mosaic virus. 
Plant J 30:415^29. 
Liu, B. (1998). Statistical Genomics: Linkage, Mapping and QTL Analysis CRC Press, Boca 
Raton. 
Lorieux M., Ndjiondjop M.N. and Ghesquiere A. (2000). A first inter-specific Oryza sativa X 
O.glaberrima microsatellite-based genetic linkage map. Theor. Appl. Genet. 100: 593-
601. 
xvi 
Lu C, Shen L., He P., Chen Y., Zhu L., Tan Z., Xu Y. (1996). Comparative mapping of QTLs 
for eigronomic traits of rice across envirormients using a doubled haloid population. 
Theor Appl Genet 93:1211-1217. 
Lu C.F., Shen L.S., Tan Z.B., Xu Y.B., He P., Chen Y., Zhu L.H. (1997). Comparative mapping 
of QTLs for agronomic traits of rice across environments by using a doubled-haploid 
population. Theor Appl Genet 94:145-150. 
Lyamichev V.I., Kaiser M.W., Lyamicheva N.E., Vologodskii A.V., Hall J.G., Ma W.P., Allawi 
H.T., Neri B.P. (2000). Experimental and theoretical analysis of the invasive signal 
amplification reaction. Biochemistry 39: 9523-9532. 
Manly K.F. (1997) Map Manager QT, software for mapping quantitative trait loci. Abstracts of 
the 11th International Mouse Genome Conference, St. Petersburg, Fla., pp 75 
Manly K.F., Cudmore Robert H., Jr., and Meer J.M. (2001). Map Manager QTX, cross-platform 
software for genetic mapping. Mamm. Genome 12: 930-932. 
Marathi B., Guleria S., Mohapatra ., ParsaD R., Mariappan N., Kurungara V.K., AtwaL S.S., 
Prabhu K.V., Singh N.K. and Singh A.K. (2012). QTL analysis of novel genomic regions 
associated with yield and yield related traits in new plant type based recombinant inbred 
lines of rice (Oryza sativa L.) BMC Plant Biology 2012, 12:137. 
Marino R, Ponnaiah M, Krajewski P, Frova C, Gianfranceschi L, Pe ME, Sari-Gorla M (2009) 
Addressing drought tolerance in maizeby transcriptional profiling and mapping. Mol 
Genet Genomics 218:163-179 
Masouleh A.K., Waters D.L., Reinke R.F., Henry R.J. (2009). A high-throughput assay for rapid 
and simultaneous analysis of perfect markers for important quality and agronomic traits 
in rice using multiplexed MALDI-TOF mass spectrometry. Plant Biotechnol J 7:355-63. 
Mc Couch S.R., Teytelman L., Xu Y., Lobos K., Clare K., Walton M., Fu B., Maghirang R., Li 
Z., Xing Y. et al. (2002). Development of 2,240 new SSR markers for rice (Oryza sativa 
L)DNARes9:199-207. 
McCouch S.R., Doerge RW. (1995) QTL mapping in rice Trends in Genet 11:482-487. 
XVII 
McCouch S.R., Kochert G., Yu Z.H., Wang Z.Y., Khush G.S., Coffinan W.R., Tanksley S.D. 
(1988). Molecular mapping of rice chromosomes. Theor Appl Genet 76: 815-829. 
McKenzie K.S., and Rutger J.N. (1983). Genetic analysis of amylose content, alkali spreading 
score, and grain dimensions in rice. Crop Sci. 23:306-311. 
McNally K.L., Child K.L., Bohnert R., Davidson R.M., Zhao K. et al. (2009). Genomewide SNP 
variation reveals relationships among landraces and modem varieties of rice. Proc Natl 
Acad Sci USA 106:12273-12278. 
Mei H.W., Li Z.K., Shu Q.Y., Guo L.B., Wang Y.P., Yu X.Q., Ying C.S. and Luo L.K. (2005). 
Gene actions of QTLs affecting several agronomic traits resolved in a recombinant inbred 
rice population and two backcross populations. Theor. Appl. Genet. 110: 649-659. 
Mei H.W., Luo L.J., Ying C.S., Wang Y.P., Yu X.Q., Guo L.B., Paterson A.H. and Li Z.K.. 
(2003). Gene actions of QTLs affecting several agronomic traits resolved in a 
recombinant inbred rice population and two testcross populations. Theor. Appl. Genet. 
107:89-101. 
Mei, H.W., Xu J.L.,. Li Z.K, Yu X.Q., Guo L.B., Wang Y.P., Ying C.S., and Luo L.J. (2006). 
QTLs infl uencing panicle size detected in two reciprocal introgressive line (IL) 
populations in rice (Oryza sativa L.). Theor. Appl. Genet. 112:648-656. 
Mester, D.I. Ronin, Y.I., Hu, Y, Nevo, E., Korol, A. (2003). Efficient multipoint mapping: 
Making use of dominant repulsion-phase markers. Theor. Appl. Genet. 107: 1102-
1112. 
Mew T.W., Cottyn B., Pamplona R., Barrios H., Xiangmin L. (2004) Applying rice seed-
associated antagonistic bacteria to manage rice sheath blight in developing countries. Plant 
Dis. 88:557-564. 
Michalek V., Weschke W., Pleisner K.P., Graner A. (2002) EST analysis in barley defines a 
unigene set comprising 4000 genes. Theor Appl Genet 104:97-103. 
Mikami I., Aikawa M., Hirano H.Y., Sano Y. (1999). Altered tissue-specific expression at the 
Wx gene of the opaque mutants in rice. Euphytica 105:91-99. 
XVIII 
Mikami I., Uwatoko N., Ikeda Y., Yamaguchi J., Hirano Y.H.,Suzuki Y., Sano Y. (2008). 
Allelic diversiWcation at the wx locus in landraces of Asian rice. Theor Appl Genet 
116:979-989. 
Miura K., Ashikari M., and Matsuoka M. (2011). The role of QTLs in the breeding of high-
yielding rice. Trends in Plant Science June 2011, Vol. 16, No. 6 
Miura, K. et al. (2010). OsSPL14 promotes panicle branching and higher grain productivity in 
rice. Nat. Genet. 42, 545-549. 
Mohan M., Nair S., Bhagwat A., Krishna T.G., Yano M., Bhatia C.R., Sasaki T. (1997). Genome 
mapping, molecular markers and marker-assisted selection in crop plants. Mol Breed 
3:87-103. 
Moncada P., Martinez C.P., Borrero J., Chatel M., Gauch H. Jr., Guimaraes E., Tohme J., 
McCouch S.R. (2001). Quantitative trait loci for yield and yield components in an Oryza 
sativa x Oryza rufipogon BC2F2 population evaluated in an upland environment. Theor 
Appl Genet 102:41-52. 
Morgan and Sturevant, 1911 
Murray M.G., Thompson W.F. (1980). Rapid isolation of high molecular weight DNA. Nucleic 
Acids Res 8:4321-4325. 
Mutters R. (2000). Producing high quality rice for the export market. 
Nagamura Y., Antonio B.A., Sasaki T. (1997). Rice molecular genetic map using RFLPs and its 
applications. Plant Mol Biol 35: 79-87. 
Nagao S., Takahasanhdi M., Morimura K. (1964). Genetical studies on rice plant. XXVII Causal 
genes and their linkage relationships of some morphological characters, introduced from 
foreign rice varieties. Mem. Fac. Agr. Hokkaido Univ. 3: 38-46. 
Nakamura Y., Sakurai A., Inaba Y., Kimura K., Iwasawa N. and Nagamine T., (2002). The 
fine structure of amylopectin in endosperm from Asian cultivated rice can be largely 
classified into two classes. Starch/Starke 54: 117-131. 
XIX 
Nasu S., Suzuki J., Ohta R., Hasegawa K., Yui R., Kitazawa N., Monna L., Minobe Y. (2002). 
Search for and analysis of single nucleotide polymorphisms (SNPs) in Rice (Oryza 
sativa, Oryza rufipogon) and establishment of SNP markers. DNA Res 9:163-171. 
Neeraja C.N., Maghirang-Rodriguez R., Pamplona A., et al, (2007). A marker-assisted 
backcross approach for developing submergence-tolerant rice cultivars. Theor. Appl. 
Genet. 115:767-776. 
Neff M.M., Neff J.D., Chory J., Pepper A.E. (1998) dCAPS, a simple technique for the genetic 
analysis of single nucleotide polymorphisms: experimental applications in Arabidopsis 
thaliana genetics. Plant J 14:387-392. doi: 10.1046/j.l365-313X. 1998.00124.x. 
Nelson O.E. (1968). The waxy locus in maize. II. The location of the controUmg element alleles. 
Genetics 60:507-524. 
Nelson, J.C. (1997). Qgene-software for marker-based genomic analysis and breeding. Mol. 
Breed. 3: 239-245. 
Nishi A., Nakamura Y., Tanaka N. and Satoh H. (2001). Biochemical and genetic analysis of 
the effects of amylose-extender mutation in rice endosperm. Plant Physiol. 127: 459-
472. 
Olsen K.M., Caicedo A.L., Polato N., McClung A., McCouch S.R., Purugganan M. (2006). 
Selection under domestication: evidence for a sweep in the rice waxy genomic region. 
Genetics 173:975-983. 
Olsen K.M., Purugganan M.D. (2002).Molecular evidence on the origin and evolution of 
glutinous rice. Genetics 162:941-950. 
Pandit A., Rai V., Bal S., Sinha S., Kumar V., Chauhan M., Gautam R.k., Smgh R., Sharma P.C, 
Singh A.K., Gaikwad K., Sharma T.R., Mohapatra T., Singh N.K. (2010). Combining 
QTL mapping and transcriptome profiling of bilked RILs for identification of functional 
polymorphism for salt tolerance genes in rice (Oryza sativa L.). Molecular Genetic 
Genomics. Doi-10.1007/s0043 8-010-0551 -6. 
Parida S.K., Kumar A.R., Dalai V., Singh N.K. and Mohapatra T. (2006). Unigene derived 
microsatellite markers for the cereal genomes, Theor. Appl. Genet. 112: 808-817. 
XX 
Paterson A.H. (1996). Making genetic maps. Genome mapping in plants, San Diego, Califomi, 
Academic press, Austin, Texas, pp23-39 
Paterson A.H., Bowers J.E., Burow M.D., Draye X., Elsik C.G., Jiang C.X., Katsar C.S., Lan 
T.H., Lin Y.R., Ming R. and Wrignt R.J. (2000). Comparitive genomics of plant 
chromosomes. Plant cell 12 : 1523-1539. 
Patil N., Bemo A.J., Hinds D.A., Barrett W.A., Doshi J.M., Hacker C.R., Kautzer C.R. et al. 
(2001) Blocks of limited haplotype diversity revealed by high-resolution scanning of 
human chromosome 21. Science 294:1719-1723. 
Peng J., Richards D.E., Hartley N.M., Murphy G.P., Devos K.M., Flintham J., Beagles J., Fish 
L.J., Worland A.J., Pelica P., Sudhakar D., Christou P., Snape J.W., Gale M.D., Harberd 
N.P. (1999) 'Green revolution' genes encode mutant gibberellin response modulators. 
Nature 400:256-261. 
Peng S , Huang J , Sheehy J (2004) Proc Natl Acad Sci USA 101:9971-9975. 
Peng S., Khush G.S., Cassman K.G. (1994) Evolution of the new plant ideotype for increased 
yield potential In: Proc Workship on rice yield potential in favorable environments. Int 
Rice Res Inst, Lx)s Ban~os, Philippines:5-20. 
Pooni H.S., Kumar I., Khush G.S. (1993). Genetical control of amylose content in selected 
crosses of indica rice. Heredity 70:269-280. 
Powell W., Morgante M., Andre C, Hanafey M., Vogel J., Tingey S., Rafalski A. (1996) A 
comparison of RFLP, RAPD, AFLP and SSR markers for germplasm analysis. Mol 
Breed 2:225-238. 
Prashant S.R., Parani M., Mohanty B.P., Talme V., Tuberosa R., and Parida A. (2002). Genetic 
diversity in cultivars and land races of Oryza sativa sub sp. indica revealed by AFLP 
markers. Genome 45: 451-455. 
Preiss J (1997) Modulation of starch synthesis. In: Foyer CH, Quick WP (eds) A molecular 
approach to primary metabolism in higher plants. Tailor & Francis Ltd, London,pp 81-
104. 
XXI 
Puri R.P., and Siddiq E.A. (1980). Inheritance of gelatinization temperature in rice. Indian J. 
Genet. Plant Breed. 40:460-462. 
Qiao Y.L., Piao R.H., Shi J.X., Lee S.I., Jiang W.Z., Kim B.K., Lee J.Y., Han L.Z., Ma W.B., 
Koh H.J. (2011) Fine mapping and candidate gene analysis of dense and erect panicle i , 
DEP3, which confers high grain yield in rice {Oryza sativa L.). Theor. Appl. Genet. 122, 
1439-1449. 
Quarrie S., Pekic Quarrie S., Radosevic R., Rancic D., Kaminska A., Barnes J.D., Leverington 
M., Ceoloni C, Dodig D. (2006) Dissecting a wheat QTL for yield present in a range of 
environments: from the QTL to candidate genes. J Exp Bot 57:2627-2637. 
Rafalski J.A. (2002a). Applications of single nucleotide polymorphisms in crop genetics. Curr 
Opin Plant Biol 5:94-100. 
Rafalski J.A. (2002b). Novel genetic mapping tools in plants: SNPs and LD-based approaches. 
Plant Sci 162:329-333. 
Rafalski J.A., Tingey S.V. (1993). Genetic diagnostics in plant breeding: RAPDs, microsatellites 
and machines. Trends Genet 9:275-280. 
Ragot M., BiasioUi M., Delbut M.F., Dell'Orco A., Malgarini L., Thevenin P., Vemoy J., Vivant, 
J., Zimmermann R. and Gay G. (1995). Marker-assisted backcrossing: a practical 
example. In: Berville' A, Tersac M, eds. Les CoUoques, no 72, techniques et utilisations 
des marqueurs mole'culaires. Paris: INRA. pp: 45-56. 
Rani N.S., Madhav M.S., Pandey K., Sundaram R.M., Prasad G.S.V., Sudarshan I., Rao L.V.S. 
and Ravindrababau V., (2008). Genetics and molecular approaches for improvement of 
grain quality traits in rice. Indian J. Crop Science 3, Issue 1. 
Rao K.V., Stevens P.W., Hall J.G., Lyamichev V., Neri B.P., Kelso D.M. (2003) Genotyping 
single nucleotide polymorphisms directly from genomic DNA by invasive cleavage 
reaction on microspheres. Nucleic Acids Res 31-66. 
Rapley R., Harbron S. (Eds) (2004) Molecular Analysis and Genome Discovery Chichester John 
Wiley & Sons Ltd. 
XXII 
Redona E.D. and Mackill D.J. (1998). Quantitative trait locus analysis for rice panicle and 
grain characteristics. Theor. Appl. Genet. 96: 957-963. 
Rutger J.N., and Mackill D.J., (2000). Application of Mendelian genetics in rice breeding. 
Proceeding of the fourth international rice genetics symposium 22-27 October, 2000. 
Saito A., Yano M., Kishimoto N., Nakagahra M., Yoshimura A., Saito K., Kuhara S., Ukai Y., 
Kawase M., Nagamine T., Yoshimura S., Ideta O., Ohsawa R., Hayano Y., Iwata N., and 
Sugiura M. (1991). Linkage map of restriction fragment length polymorphism loci in 
rice. Jpn. J. Breed. 41:665-670. 
Sakamoto, T. & Matsuoka, M. Identifying and exploiting grain yield genes in rice. Curr. Opin. 
Plant Biol. 11, 209-214 (2008). 
Sano Y. (1984). Differential regulation of waxy gene expression in rice endosperm. Theor. Appl. 
Genet.68: 467-73. 
Sano Y., Katsumata M. and Amano E. (1985). Correlations between the amounts of amylose 
and wx protein in rice endosperm. SABRAO J. 17: 121-127. 
Sasaki T, Matsumoto T., Yamamoto K., Sakata K., Baba T., Katayose Y., Wu J., Niimura Y., 
Cheng Z., Nagamura Y., Antonio B.A., Kanamori H., Hosokawa S., Masukawa M., 
Arikawa K., Chiden Y., Hayashi M., Okamoto M., Ando T,, Aoki H., Arita K., Hamada 
M., Harada C, Hijishita S., Honda M., Ichikawa Y., Idonuma A., lijima M., Ikeda M., 
Ikeno M., Ito S., Ito T., Ito Y., Iwabuchi A., Kamiya K., Karasawa W., Katagiri S., 
Kikuta A., Kobayashi N., Kono I., Machita K., Maehara T., Mizuno H., Mizubayashi T., 
Mukai Y., Nagasaki H., Nakashima M., Nakama Y., Nakamichi Y., Nakamura M., 
Namiki N., Negishi M., Ohta I., Ono N., Saji S., Sakai K., Shibata M., Shimokawa T., 
Shomura A., Song J., Takazaki Y., Terasawa K., Tsuji K., Waki K., Yamagata H., 
Yamane H., Yoshiki S., Yoshihara R., Yukawa K., Zheng H., Iwama H., Endo T., Ito H., 
Hahn JH., Kim HI., Eun MY., Yano M., Jiang J., and Gojobori T. (2002). The genome 
sequence and structure of rice chromosome 1. Nature 420(6913): 259-264. 
Sasaki T., Burr B. (2000) hitemational Rice Genome Sequencing Project: the effort to 
completely sequence the rice genome. Curr Opin Plant Biol 3:138-141. 
XXIII 
Schlotterer C. (1998) Genome evolution: are microsatellites really simple sequence repeats? Curr 
Biol 8:R132-R134. 
Schultz J.A., Juvik J.A. (2004) Current models for starch synthesis and the sugary enhancerl 
(sel) mutation in Zea mays. Plant Physiol Biochem 42:457-464. 
Scott K.D., Eggler P., Seaton G., Rossetto M., Ablett E.M., Lee L.S., Henry R.J. (2000) Analysis 
of SSRs derived from grape ESTs. Theor Appl Genet 100:723-726. 
Semagn K., Bjomstad A. and Ndijjiondjop M.N. (2006). Principles, requirements and prospects 
of genetic mapping in plants. Afri j of biotech 5(25): 2569-2586 
Senthilvel S., Vinod K.K., Malarvizhi P., Maheswaran M. (2008) QTL and QTL x environment 
effects on agronomic and nitrogen acquisition traits in rice. J Integr Plant Biol 50:1108-
17. 
Septiningsih E.M., Trijatmiko, K.R., Moeljopawiro, S. and McCouch, S.R. (2003). 
Identification of quantitative trait loci for grain quality in an advanced backcross 
population derived from the Oryza sativa variety IR64 and the wild relative O. 
rufipogon. Theor. Appl. Genet. 107: 1433-1441. 
Shao GN, Tang SQ, Luo J, Jiao GA, Wei XJ, Tang A, Wu JL, ZhuangJY, Hu PS (2010) 
Moping ofqGL7-2, a grain length QTL on chromosome 7 of rice. J. Genet. Genomics 
37,523-531. 
Shomura A. et al. (2008) Deletion in a gene associated with grain size increased yields during 
rice domestication. Nat. Genet. 40, 1023-1028. 
Singh A.K., Gopala Krishana S., Singh V.P., Prabhu K.V., Mohapatra T., Singh N.K., Sharma 
T., Nagarajan M., Vinod K.K., Singh D., Singh U.D., Chander S., Atwal S.S., Seth R., 
Singh V.K., Ellur R.K., Singh A., Anand D., Khanna A., Yadav S., Goel N., Singh A., 
Shikari A.B., Singh A., Marathi B. (2011) Marker Assisted Selection: a paradigm shift in 
Basmati breeding. Indian J Genet Plant Breed 71(2) :l-9. 
Singh H., Deshmukh R.K., Singh A., Gaikwad K., Shama T.R., Mohapatra T., Singh N.K. 
(2010). Highly variable SSR markers suitable for rice genotyping using agarose gels. Mol 
Breeding 25:359-364. 
XXIV 
Singh K., Ishii T., Parco A., Huang N., Brar D.S., Khush G.S. (1996). Centromere mapping and 
orientation of the molecular luikage map of rice. Proc Natl Acad Sci, USA 93: 6163-
6168. 
Singh K.N., Nandi R., Shamnugasundram P., Sadasivam S., Huang N., Brar D.S., Khush G.S. 
(1999). High-resolution DNA fingerprinting of Indian rice (Oryza sativa L) varieties by 
amplified Augment length polymorphism. Genet Res Crop Evol 46: 427-^33. 
Singh S., Sidhu J.S., Huang N., Vikal Y., Li Z., Brar D.S., Dhaliwal H.S. and Khush G.S. (2001). 
Pyramiding three bacterial blight resistance genes (xaS, xal3 and Xa21) using marker-
assisted selection into indica rice cultivar PR106. Theor. Appl. Genet. 102: 1011-1015. 
Singh, R.K., Singh, U.S. and Khush, G.S. (2000). Aromatic rices. Oxford and IBH publishing 
CO. pvt. Ltd. New Delhi, ppl5-28. 
Smith A.M., Denyer K., Martin (1997) The synthesis of the starch granule. Annu Rev Plant 
Physiol Plant Mol Biol 48:67-87. 
Sobrino B., Brion M., Carracedo A. (2005) SNPs in forensic genetics: a review on SNP typing 
methodologies. Forensic Sci Intl 154:181-194. 
SoUer M., Brody T., Genizi A. (1976). On the power of experimental designs for the detection of 
linkage between marker loci and quantitative loci in crosses between inbred lines. Theor 
Appl Genet 47:35-39. 
Song X.J., Huang W., Shi M., Zhu M.Z., Lin H.X. (2007). A QTL for rice grain width and 
weight encodes a previously unknown RING-type E3 ubiquitin ligase. Nat Genet 39:623-
630. 
Stam P. (1993). Construction of integrated genetic linkage maps by means of a new computer 
package: JoinMap. Plant J. 3: 739-744. 
Stansel J.W. (1965). hifluence of heredity and enviromnent on endospenn characteristics of rice 
(Oryza sativa L.) PhD thesis, Purdue University, University MicroWms, Ami Arbor, 
Michigan (Dissabstr 27 : 48B). 
Staub, J.E. and Serquen, F.C. (1996). Genetic markers, map constructionand their aplication in 
plant breeding . Hort Science 31 : 729-740. 
XXV 
Suh JP, Yang SJ, Jeung JU, Pamplona A, Kim JJ, Lee JH, Hong HC, Yang CI, Kim YG, Jena 
KK (2011). Development of elite breeding lines conferring Bphl8 gene-derived 
resistance to brown plant hopper (BPH) by marker-assisted selection and genome-wide 
background analysis in japonica rice {Oryza sativa L.). Field Crop Res 120 (2): 215-222. 
Suiter , K.A., Wendel, J.F. and Case, J.S. (1983). Linkage-I: A pascal computer program for 
detection and analysis of genetic linkage. J. hered. 74 :203-204 
Sundaram R.M., Vishnupriya R.M., Biradar S.K., Laha G.S., Ashok Reddy G., Shobha Rani N., 
Sarma N.P., Sonti R.V. (2008) Marker assisted introgression of bacterial blight resistance 
in Samba Mahsuri, an elite indica rice variety. Euphytica 160:411-422 
Takeuchi Y., Ebitani T., Yamamoto T., Sato H., Ohto H., Hirabayashi H., Kato H., Ando 1., 
Nemoto H., Imbe T. and Yano M. (2006). Development of isogenic lines of rice cultivar 
Koshihikari with early and late heading by marker-assisted selection. Breeding Sci. 56 
(4): 405-413. 
Tanksley S.D. (1983). Molecular markers in plant breedmg. Plant Mol. Biol. Rep. 1: 1-13. 
Tanksley S.D. (1993) Mapping polygenes. Anal Rev Genet 27:205-233. 
Tanksley S.D. and Nelson J.C. (1996) Advanced backcross QTL analysis: a method for the 
simultaneous discovery and tranfer of valuable QTLs from unadapted germplasm into 
elite breeding lines. Theor.Appl. Genet. 92:191-203. 
Tanksley S.D., Yong N.D., Paterson A.H. and Bonierbale M.W. (1989). RFLP mapping in plant 
breeding: new tools for an old science. Bio/Technology 7: 257-263. 
Temnykh S., DeClerck, Lukashova A., Lipovich L., Cartinhour S., McCouch S.R. (2001) 
Computational and experimental analysis of microsatellites in rice (Oryza sativa L)-
Frequency, length variation, transposon associations, and genetic marker potential. 
Genome Res 11:1441. 
Temnykh S., Pa* W.D., Ayre. N., Cartidiour S., Hauck N., Lipovich L., Cho YG Ishii T 
McCouch S.R. (2000) Mapping and genome organization of micn,sa.elli,e sequences in 
nee (Oryza sativa L). Theor AppI Genet 100:697-712. 
XXVI 
Thomson M.J., Tai T.H., McClung A.M., Lai X.H., Hinga M.E., Lobos K.B., Xu Y., Martinez 
C.P. and McCouch S.R. (2003). Mapping quantitative trait loci for yield, yield 
components and morphological traits in advanced back cross population between Oryza 
rufipogon and Oryza sativa cultivar Jefferson. Theor. Appl. Genet. 107: 479-493. 
Tian F., Zhu Z., Zhang B., Tan L.,Fu Y.,Wang X.,Sun Q.C. (2006). Fine mapping of a 
quantitative trait locus for grain number per panicle from wild rice (Oryza ruWpogon 
GriV.) Theor Appl Genet (2006) 113:619-629 
Tian F.E., Li D.J., Fu E.Q, Zuo E., Zhu F., Cai ¥., Fu E., Kun X., Wang E., Chuan S., Sun Q. 
(2006). Construction of introgression lines carrying wild rice (Oryza rufipogon Griff.) 
segments in cultivated rice (Oryza sativa L.) background and characterization of 
introgressed segments associated with yield-related traits TheorAppl. Genet. 112: 570-
580. 
Tian R., Jiang G. H., Shen L. H., Wang L. Q. and He Y. Q. (2005).Mapping quantitative trait 
loci underlying the cooking and eating quality of rice using a DH population. Mol. Breed. 
15,117-124. 
Tiana Z., Qianb Q., Liuc Q.,1, Yanb M., Liua X., Yanc C, Liua G., Gaob Z., Tangc S., Zengb 
D., Wanga Y., Yud J., Guc M.,3, and Lia J. (2009). Allelic diversities in rice starch 
biosynthesis lead to a diverse array of rice eating and cooking qualities. PNAS 106: 
21760-21765. 
Tinker NA, Mather DE (1995b) MQTL: software for simplified composite interval mapping of 
QTL in multiple environments. J Quant Trait Loci 1, 
Toquero Z.F. (1991). Consumer demand for rice grain quality. Rice grain marketing and 
quality issues. International Rice Research Conference. 1991, 37-46. 
Tost J., Gut I.G. (2002) Genotyping single nucleotide polymorphisms by mass spectrometry. 
Mass Spectrom Rev 21:388-^18. 
Tuinstra M.R., Ejeta G., and Goldsbrough P.B. (1997). Heterogeneous inbred family (HIF) 
analysis: An approach for developing near-isogenic lines that differ at quantitative trait 
loci. Theoretical and Applied Genetics 95:1005-1011. 
XXVII 
Umemoto T., and Aoki N. (2005). Single-nucleotide polymorphisms in rice starch synthase Ila 
that alter starch gelatinization and starch association of the enzyme. Funct. Plant Biol. 
32:763-768. 
Umemoto T., Yano M., Satoh H., Shomura A. and Nakamura Y. (2002). Mapping of a gene 
responsible for the difference in amylopectin structure between japonica-type and 
indica-type rice varieties. Theor. Appl. Genet. 104: 1-8. 
Utz HF, Melchinger AE (1996) PLABQTL: a program for composite interval mapping of QTLs. 
J Quant Trait Loci 2 
Van Ooijen JW, Maliepaard C (1996b). Map QTLTM version 3.0: softwaren for the calculation 
of QTL positions on genetic maps. Plant Genome IV abstracts. 
http://probe.nalusda.gov:3000/otherdocs/pg/pg4/abstracts/ p316. 
Vanaja, T. and Babu, L.C. (2004). Heterosis for yield and yield components in rice {Oryza 
sativa L.). J. trop. Agric. 42: 43-44. 
Vignal A., Milan D., San Cristobal M., Eggen A. (2002). A review on SNP and other types of 
molecular markers and their use in animal genetics. Gen Sel Evol 34:275-305. 
Vuysteke M., Mank R., Antonise R., Bastiaans E., Senior M.L. and Stuber C.W. (1999). Two 
high density AFLP linkage maps of Zea mays L.: Analysis of distribution of AFLP 
markers. Theor. Appl. Genet. 99: 921-935. 
Wallace R.B. et ai, (1979). Hybridization of synthetic oligodeoxyribo-nucleotides to phi chi 
174 DNA: the effect of single base pair mismatch, Nucleic Acids Res 6, 3543-3557. 
Wan X.Y., Wan J.M., Jiang L., Wang J.K., Zhai H.Q., Weng J.F., et al. (2006). QTL analysis for 
rice grain length and fi ne mapping of an identifi ed QTL with stable and major effects. 
Theor. Appl. Genet. 112:1258-1270. 
Wanchana S., Toojinda T., Tragoomomg S., Vanavichit A. (2003). Duplicated coding sequence 
in the waxy allele of tropical glutinous rice (Oryza sativa L.). Plant Sci Limerick 
165:1193-1199. 
Wang B.H, Guo WZ., Zhu X.F., Wu Y.T., Huang N.T., Zhang T.Z. (2006). QTL mapping of 
fiber quality in an elite hybrid derived-RIL population of Upland cotton. Euphytica 
152:367-378. 
xxviir 
Wang D., Zhu J., Li Z., Paterson A.H. (1999). User Manual for QTLMapper Version 1.0 A 
Computer Software for Mapping Quantitative Trait Loci (QTLs) with Main Effects, 
Epistatic Effects and QTL ' Environment Interactions. 
Wang S., Hasten C.J., and Zeng Z.B. (2007). Windows QTL Cartographer 2.5. Department of 
Statistics, North Carolina State University, Raleigh, NC.( 
http://statgen.ncsu.edu/qtlcaTt/WOTLCart.htm). 
Wang S., Wu K., Yuan Q., Liu X., Liu Z., Lin X., Zeng R., Zhu H., Dong G., Qian Q., Guiquan 
Zhang G., and Xiangdong Fu X. (2012). Control of grain size, shape and quality by 
OsSPLie in rice, Nature, doi:10.1038/ng.2327. 
Wang Y., Pinson S.R.M., Fjellstrom R.G., Tabien R.E. (2011). Phenotypic gain from 
introgression of two QTL, qSB9-2 and qSB12-I for rice sheath blight resistance. Mol Breed 
Doi: 10.1007/211032-011-9619-1. 
Wang Z.Y., Zheng F.Q., Shen G.Z., Gao J.P., Snustad D.P., Li M.G., Zhang J.L. and 
Hong M.M. (1995). The amy lose content in rice endosperm is related to the post-
transcriptional regulation of the waxy gene. Plant J. 7: 613-622. 
Weng J.F. et al. (2008) Isolation and initial characterization of GW5, a major QTL associated 
with rice grain width and weight. Cell Res. 18,1199-1209. 
Williams J.G.K., Kubelik A.R., Livak K.J., Rafalski J.A., Tingey S.V. (1990) DNA 
polymorphisms amplified by arbitrary primers are useful as genetic markers. Nucleic 
Acids Res 18:6531-6535. 
Wissuwa M., Ismail A.M. and Yanagihara S. (2006). Effects of zinc deficiency on rice growth 
and genetic factors contributing to tolerance. Plant Physio. 142: 731-741. 
Xiao J., GrandiUo S., Ahn S.A., McCouch S..R, Tanksley S.D., Li J., Yuan L. (1996) Genes from 
wild rice improve yield. Nature 384:223-224. 
Xiao J.H., Li J., Grandillo S., Ahn S.N., Yuan L., Tanksley S.D., McCouch S.R. (1998). 
Identification of trait improving quantitative frait loci alleles from a wild rice relative, 
Oryza rufipogon. Genetics, vol. 150, pp. 899 909. 
XXIX 
Xing Y. and Wang Q. (2010). Genetic and Molecular Bases of Rice Yield. Annu. Rev. Plant 
Biol. 2010.61:421^2. 
Xing Y. Z., Tang W. J., Xue W. Y., Xu C. G., Zhang Q., (2008). Fine mapping of a major 
quantitative trait loci, qSSP7, controlling the number of spikelets per panicle as a single 
Mendelian factor in rice. Theor Appl Genet (2008) 116:789-796 
Xing Y.Z., Tan Y.F., Hua J.P., Sun X.L., Xu C.G., Zhang Q.F. (2002) Characterization of the 
main effects, epistatic effects and their environmental interactions of QTLs on the genetic 
basis of yield traits in rice. Theor Appl Genet 105:248-257. 
Xiong L., Liu K.D., Dai X.K., Wang S.W., Xu C.G., Zhang D.P., Maroof M.A.S., Sasaki T. and 
Zhang Q. (1997). A high density RFLP map based on the F2 population of a cross 
between Oryza sativa and O.rufipogon using Cornell and RGP maikers. Rice Genet. 
Newsl. 14: 110-116. 
Xu K. and Mackill D.J. (1996). A major locus for submergence tolerance mapped on rice 
chromosome 9. Mol. Breed. 2: 219-224. 
Xu K., Xu X., Ronald P.C. and Mackill D.J. (2000). A high-resolution linkage map of the 
vicinity of the rice submergence tolerance locus Subl. Mol. Gen. Genet. 263: 681-689. 
Xue W., Yongzhong X., Xiaoyu W., Yu Z., Weijiang T., Lei W., Hongju Z., Sibin Y., Caiguo 
X., Xianghua L. and Qifa Z. (2008). Natural variation in Ghd7 is an important regulator 
of heading date and yield potential in rice. Nature Genetics Advance Online 
Publication, doi:10.1038/ng.l43. 
Yagi T., Nagata K., Fukuta Y., Tamura K., Ashikawa I., Terao T. (2001) QTL mapping of 
spikelet number in rice (Oryza sativa L). Breed Sci 51:53-56. 
Yamagishi M., Takeuchi Y., Kono I., Yano M. (2002) QTL mapping for panicle characteristics 
in temperate japonica rice. Euphytica 128:219-224. 
Yamagishi M., Yano M., Fukuta Y., Fukui K., Otani M., and Shimada T. (1996). Distorted 
segregation of RFLP markers in regenerated plants derived from anther culture of an Fl 
hybrid of rice. Genes Genet. Syst. 71: 37-41. 
XXX 
Yamamoto T., Kuboki Y., Lin S.Y., Sasaki T., Yano M. (1998). Fine mapping of quantitative 
trait loci Hd-1, Hd-2, and Hd-3, controlling heading date of rice, as single Mendelian 
factors. Theor Appl Genet 97:37-44. 
Yamamoto T., Lin H., Sasaki T., Yano M. (2000) Identification of heading date quantitative trait 
locus HD6 and characterization of its epistatic interactions with HD2 in rice using 
advanced backcross progeny. Genetics 154:885-891. 
Yamanaka S., Nakamura I., Watanabe K.N., Sato Y. (2004). Identification of SNPs in the waxy 
gene among glutinous rice cultivars and their evolutionary signiWcance during the 
domestication process of rice. Theor Appl Genet 108:1200-1204. 
Yan, L., Helguera M., Kato K., Fukuyama S., Sherman J. and Dubcovsky J. (2004). Allelic 
variation at the VRN-1 promoter region in polyploid wheat. Theor. Appl. Genet. 109, 
1677-1686. 
Yano M. (2001).Genetic and molecular dissection of naturally occurring variation. Curr Opin 
Plant Biol, 4:130-135. 
Yano M., Katayose Y., Ashikari M., Yamanouchi U., Monna L., Fuse T., Baba T., Yamamoto 
K., Umehara Y., Nagamura Y., Sasaki T. (2000) Hdl, a major photoperiod sensitivity 
quantitative trait locus in rice, is closely related to the Arabidopsis flowering time gene 
CONSTANS. Plant Cell 12: 2473-2483. 
Yano M., Okuno K., Satoh H., and Omura T. (1988). Chromosomal location of genes 
conditioning low amylose content of endosperm of starches in rice, Oryza sativa L. 
Theor. Appl. Genet. 76: 183-189. 
Yano M., Sasaki T. (1997). Genetic and molecular dissection of quantitative traits in rice. Plant 
Mol Biol 35:145-153. 
Yim Y.S., Davis G.L., Duru N.A., Musker T.A., Linton E.W. and Messing J.W. (2002). 
Characerizatuion of three maize bacterial artificial chromosome libraries toward 
anchoring of the physical map to the genetic map using high-density bacterial artificial 
chromosome filter hybridization. Plant Physiol. 130: 1686-1696. 
XXXI 
Yin T., Huang M., Wang M., Zhu L., Zeng Z., Wu R. (2001) Preliminary interspecific genetic 
maps of the Populus genome constructed from RAPD markers Genome 44: 602-609. 
Yin X., Stam P., Kropff M.J., & Schapendonk H.C.M. (2003) Crop modeling, QTL mapping, 
and their complementary role in plant breeding. Agron. J 95: 90-98 
Yu J., Hu S., Wang J., Wong G.K., Li S., Liu B., Deng Y. et al. (2002) A draft sequence 
assembly of the rice (Oryza sativa ssp indica) genome. Science 296:79-93. 
Yu J., Wang J., Lin W., Li S., Li H., Zhou J. et al. (2005). The Genomes of Oryza sativa: a 
history of duplications. PLoS Biol 3:e38. 
Yu S.B., Li J.X., Xu C.G., Tan Y.F., Gao Y.J., Li X.H., Zhang Q., Saghai M.M.A. (1997) 
Importance of epistasis as the genetic basis of heterosis in an elite rice hybrid. Proc Natl 
Acad Sci USA 94:9226-9231. 
Zane L., Bargelloni L., Patamello T. (2002) Strategies for microsatellite isolation: a review 
Molecular Ecology 11:1-16. 
Zeng Z. (1993) Theoretical basis for separation of multiple linked gene effects in mapping 
quantitative trait loci. Proc Natl Acad Sci USA 90:10972-10976. 
Zeng Z. (1994) Precision mapping of quantitative trait loci. Genetics 136:1457-1468. 
Zeng Z.B., Kao C.H., Basten C.J. (1999) Estimating the genetic architecture of quantitative 
traits. Genet Res 74:279-89. 
Zhang Z.Y., Li J.J., Yao G.X., Zhang H.L., Dou H.J., Shi H.L., Sun X. and LI Z.C. (2011). 
Fine Mapping and Cloning of the Grain Number Per-Panicle Gene {Gnp4) on 
Chromosome 4 in Rice {Oryza sativa L.) Agricultural Sciences in China 2011, 10(12): 
1825-1833 
Zhang Y., Lijun L., Caiguo X., Qifa Z., Yongzhong X., (2006). Quantitative trait loci for panicle 
size, heading date and plant height co-segregating in trait-performance derived near-
isogenic lines of rice (Oryza sativa). Theor.Appl. Genet. (2006) 113:361-368. 
XXXII 
Zhang Y.S., Luo L.J., Liu T.M., Xu C.G., Xing Y.Z. (2009.) Four rice QTL controlling number 
of spikelets per panicle expressed the characteristics of single Mendelian gene in near 
isogenic backgrounds. Theor.Appl. Genet. 118,1035-1044. 
Zhou P.H., Tan Y.F., He Y.Q., Xu C.G. and Zhang Q. (2003). Simultaneous improvement for 
four quality traits of Zhenshan 97, an elite parent of hybrid rice, by molecular marker-
assisted selection. Theor. Appl. Genet. 106: 326-331. 
Zhou YL, Uzokwe VNE, Zhang CH, Cheng LR, Wang L, Chen K, Gao X,Q Sun, Y, Chen JJ, 
Zhu LH, Zhang Q, Ali J, Xu J L, Li ZK (2011) Improvement of bacterial blight resistance 
of hybrid rice in China using the Xa23 gene derived from wild rice {Oryza rufipogm). 
Field Crop Res. 30(6): 637-644 
Zhu J. and Weir B.S. (1994). Analysis of cytoplasmic and maternal effects. IL Genetic 
models for triploid endosperm. Theor. Appl. Genet. 89:160-166. 
Zhu K.M., Tang D., Yan C.J., Chi Z.C, Yu H.X., Chen J.M., Liang J.S., Gu M.H., Cheng Z.K. 
(2010) Erect panicle 2 encodes a novel proteinthat regulates panicle erectness in indica 
rice. Genetics 184, 343-350. 
Zhu L.H., Chen Y., Xu Y.B., Xu J.C, Cai H.W. and Ling Z.Z. (1993). Construction of a 
molecular map of rice and gene mapping using a double haploid population of a cross 
between indica and japonica varieties. Rice Genet. Newsl. 10: 132-13. 
Zhuang J.Y., Fan Y.Y., Rao Z.M., Wu J.L., Xia Y.W., Zheng K.L. (2002). Analysis on additive 
effects and additive by additive epistatic effects of QTLs for yield traits in a recombinant 
inbred line population of rice. Theoretical and applied genetics, vol. 105, pp. 1137 1145. 
Zhuang J.Y., Lin H.X., Lu J., Qian H.R. and Hittalmani S. (1997). Analysis of QTL x 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































a -2 « 
| s § i 






















































S l ^ 1 ^ 5 I § -^ U c» <N 
C> 













































































































, — 1 
<N 
v£> 





































































































o f S 
oo 














































































^ ( S 
X ! 






















• « 1 -
( N 
























• • H 
4 - * 































• < * 
d CNI 
• * 




































• 1 ^ 








































































r - H 
<s 
r o 





• r H 





















































































1 - H 
^ t » 
cd 
S3 










d f N 
• * 
















































































































































t - H 
t N 
vq 



































































































9 \ o 
> 
e 
U> m ( £ CO ro t n VO 




























»-i «S r»i iril • ^ V 5 VO ) l o \ h-H iH «s m 
tT) 00 
«s 
IT) VO o 
<*5 
> 


















































































• r ^ 

















• f l 
^ bo 
CO 











































































































































































































































































































































































































































































































































































1 — * 
i 
T T 



























































o t N 











o f N 
i 
•<4-











































































































































































































































































r - 4 




















o ^ H 
< 
so 









































































































^^  ( 
• ^ 



























































































































































































































































































1 — t 
CM 




































































































































































































































































































































































































































































































































































































































































I — I 
rH 






























































































































r — t 
<N 







































































































































































































































































































































































































1 — t 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































t — t 
^ 
r— 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































T d Z 
H 
^ 




































































































































































































>/^  (N 
t^  
O 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































\ 0 t—t 
o --
fS 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































> — 1 
O 
Z 1 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































• — H 
U H 



































































































































































































































1 — t 
ON 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































f — , 
•t 
^^  



















t — 4 
ON 
O 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































P H O 
«N 
1 





1 — t 
'"' 
r-



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































O H O 
• * 
ro 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1 — t 
rr, 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































* — H 
U H 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































• ^ ' ' 
cs 










































































4 — 1 
ro 
oo 
4 — 4 
•sl-






































































































4 - ^ 









































4 — 4 
4 — 1 
o 









































4 — 4 































































































































































4 - H 
<N 
<S 




































1 — 4 
o 
















































































































4 - H 
* - H 
v~t 

































































4 - H 
""^  
v-i 




















































































































































































































































































































































































































































































































































































































































































, 1 Pu, 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































» — i 















































» — t 
oo 









































































































































































































































































































































































































































































































































T — , 
m 
'"' 
t — , 
VO 

































































































































































































































































T — t 
VO 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































• • H 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































r^  CNI 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































r«^  Vi 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Z ifi so 




























































































































































































































































































































































































































































































• * ' 
» — 1 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































,-^  CM 



















































































































































































































































































































































































































































































































































































































1 - H 
t^ 





































































































































































































































1 — 1 







































































1 - H 





























































































































































































































. - H 
• " 
r^  
• " ; 
r^  
00 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































so ^ (N 
m so o 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































(^  r-J 
so 







































































































































































































































































































































































































































































ro f N 
so 











































































































<n f N 
t— 
^ — 1 
r<^  
•<t 


































t - H 
•T) 
f N 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































» — 1 
(N 












































































































































































• > * 
OS 
VO 
VT) 
OO 
</^  
00 
CN 
o 
z 
s 
E 
vd" 
rsi 
Ui 
OH 
O 
vr> 
<->! 
CO 
*—1 
OS 
00 
CN 
VO 
r^  
OO 
CN 
•rf 
«N 
CN 
vn 
OO 
CN 
o 
Z 
c 
oH 
vo' 
1 
CN 
fTi 
Ol 
O 
o 
ro 
> 
